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The naturally abundant biopolymers, chitin A, chitin B and chitosan, which 
were isolated from shrimp shell wastes {Penaeus Japonicus), adsorbed metal ions 
effectively in aqueous solution. Among the three chitinous materials, chitin A exhibited 
the highest metal ion removal capacity (RC) for all the metal ions studied and hence was 
selected for further studies. 
The metal ion adsorption ability of chitin A was strongly affected by the 
2 + *2+ 
solution pH and the concentration ofbiosorbent. In general, the RCs for Cu，Ni and 
Zn2+ of chitin A increased with increasing solution pH (from 5 to 8) and decreasing 
concentration ofbiosorbent. 
A typical biphasic adsorption process, a rapid phase followed by a slow phase, 
was encountered in the adsorption ofCu]+，Ni:+ and Zn?+ by chitin A. About 80, 20 and 
65% of the total uptake for Cu】+，NP and Zn】+，respectively, occurred after the first 
minute ofinteraction, and the equilibrium could be attained within 2 hours. 
The adsorption of Cu:+，NP and Zn�+ by chitin A was demonstrated to be a 
monolayer adsorption process. The adsorption equilibrium for Cu�+ and Zn^^ fitted the 
Langmuir isotherm better than the Freundlich isotherm, while that for Ni!+ followed the 
Freundlich isotherm better. The maximum adsorption capacities for Cu^ ,^ Zn�+ and Ni^ + 
were found to be 1.02, 0.80 and 0.32 mmol/g, respectively, under the optimum 
conditions of initial pH of 8，biosorbent concentration of 25 mg/55 mL and retention 
ii 
time of 30 minutes. 
The presence of other cations individually and in combination showed no 
inhibitory effect on both Cu�+ and N P RCs of chitin A. Conversely, the Zn�+ RC of 
chitin A was significantly reduced by 11% in the presence ofCu�+ and/or Ni�+. 
The presence of anions, C1' or Cx2O1^ ' alone, did not affect the Cu�+ RC of 
2 2 2 • chitin A, whereas the presence of SO4 individually or C1', Cr2O7 _ and SO4 ‘ in 
combination enhanced the Cu�+ RC of chitin A by 17 and 11%, respectively. All the 
anions tested caused no inhibition on Ni�+ adsorption by chitin A. Similarly, the Zn�+ RC 
of chitin A was not influenced by the presence of C1" or S 0 / ' individually, but reduced 
by 10% in the presence ofCr207^" alone or C1", Cr2O7 '^ and S04^" in combination. 
The metal ion removal efficiency (RE) of chitin A increased with increasing 
concentration ofbiosorbent. The maximum RE of Cu�+ and Zn�+ was 91% while that of 
Ni2+was 50%. 
Close to 100% of loaded metal ions could be recovered from metal ion-laden 
chitin A by O.lM of citric acid, EDTA, HC1, HNO3 or H2SO4. However, multiple 
adsorption and desorption cycles of metal ions by chitin A are not recommended as 
significant reductions in Qi�+，Ni^ ^ and Zn^^ RCs occurred afler the first adsorption and 
desorption cycle. 
iii 
Chitin A was found to be an effective biosorbent for the removal and recovery 
ofmetal ions from electroplating effluent. Generally, no significant difference in the RCs 
of Cu2+，Ni2+ and Zn�+ between the artificial effluent and the electroplating effluent was 
recorded. Additionally, nearly 100% ofloaded metal ions could be recovered from metal 














































AAS Atomic absorption spectrophotometry 
ANOVA analysis of variance 
b adsorption affinity constant of Langmuir equation, related to energy of 
adsorption (L/mg or L/mmol) 
Cdes concentration of metal ion in the eluent solution after desorption (mg/L or 
mmol/L) 
Ce equilibrium concentration of metal ion (mg/L or mmol/L) 
Co initial concentration of metal ion (mg/L or mmoVL) 
DA degree of A^-acetylation 
DDA degree of A/-deacetylation 
DRFT-IR diffuse reflectance Fourier transform infra-red 
EDTA ethylenediamine tetraacetate 
EPD Environmental Protection Department 
HKSAR Hong Kong Special Administrative Region 
ICP-AES inductively coupled plasma atomic emission spectrophotometry 
ICPI International Chitin Production Inc. 
k empirical constant of Freundlich equation, indicative of adsorption 
capacity 
n empirical constant of Freundlich equation, indicative of adsorption 
intensity 
qdes amount of metal ion desorbed per unit dry weight of biosorbent (mg/g or 
mmol/g) 
qe amount of metal ion adsorbed per unit dry weight of biosorbent at 
concentration Ce (mg/g or mmol/g) 
vii 
Qmax theoretical maximum uptake of metal ion per unit dry weight of 
biosorbent (mgy^ g or mmol/g) 
一 linear regression 
RC removal capacity (mgy'g or mmol/g) 
RE removal efficiency (%) 
ReC recovery capacity (mg/g or mmol/g) 
ReC/RC percentage ofmetal ion recovered from metal ion-laden biosorbent (%) 
V volume of metal ion solution (L) 
W dry weight of biosorbent (g) 
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1.1 Literature review 
1.1.1 Metal pollution in Hong Kong 
Everyday Hong Kong generates more than 2 million tonnes of domestic and 
industrial effluent, in which metals are some of the most common pollutants 
(Environmental Protection Department, 1998). Based on a chemical waste survey in 
1991/92, about 13,200 tonnes of toxic metals and metallic compounds are generated in 
Hong Kong (Environmental Protection Department, 1995). These metallic pollutants are 
mainly produced by electroplating, mining, dyeing, printing, paper, battery 
6 
manufacturing and petroleum industrial processes (Chen et al., 1996; Blackmore, 1998; 
Williams et al., 1998). Among them, electroplating industry is considered to be one of 
the largest chemical waste producers in Hong Kong. There are 507 electroplating firms 
generating about 20% of the total chemical waste in Hong Kong (Environmental 
Protection Department, 1995). 
Electroplating is a process that electrodeposit an adherent metallic coating 
upon an electrode for the purpose of securing a surface with properties or dimensions 
different from those ofthe basis metal (Lowenheim, 1978). The purposes of the surface 
coating are for appearance, protection, special surface properties and/or engineering or 
mechanical properties (Lowenheim, 1978). In Hong Kong, the great majority of the 
2^h ^ j ) I 6 j 
' electroplating factories are engaged in the plating of Cu，Ni，Zn and Cr for 
protective and decorative purposes. Other minor electroplating processes are also 
practised with plating of Au^ +，Ag+，Sn^ ,^ Pb�+ and Al�+ (Environmental Management 
Division, 1986; Industry Department, 1993). 
The reason why an electroplating process would produce huge amounts of 
： 1 
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metal ion-bearing effluent is mainly attributed to the rinsing step, which is used to 
cleanse the surface of the plated workpieces after each plating step. Over 97% of 
electroplating effluent discharged from a factory comes from rinsing of workpieces, 
while the reminders come from spillage and/or dumping of the spent electroplating 
solutions (Cushnie, 1985; Industry Department, 1993). Table 1-1 presents the 
characteristics of plating wastewater discharged from sixteen local electroplating 
factories. These characteristics varied with the types of electroplating processes, rinsing 
methods and plating practices employed. Generally, the wastewater contains numerous 
toxic substances including metal ions and cyanide which exist in extremely conditions 
from strongly acidic to slightly basic (Environmental Management Division, 1986). 
Unlike organic pollutants, most of which are biodegradable, metallic pollutants 
released into the environment tend to persist indefinitely, circulating, and eventually 
accumulating throughout the food chain. Thus it posed a serious threat on human beings 
(Volesky, 1994; Akthar and Mohan, 1995). Although some metal ions, such as Cu】+， 
Ni2+ and Zn]+，are essential to many organisms including human beings, they are 
extremely toxic once excess their threshold bioavailable levels (Blackmore, 1998; 
Sanchez et al., 1999). Such threshold concentrations vary between metal ions, species 
and the physico-chemical characteristics of the medium (Rainbow and Fumess, 1990). 
Owing to the non-biodegradable property of toxic metallic pollutants, the problems of 
metal pollution in Hong Kong are become more and more serious, as reflected by the 
/ 
elevated metal ion levels measured in seawater, marine sediments and bio-monitors 
(Blackmore, 1998). 
In response to this worldwide metal pollution problem, most countries, 
including Hong Kong Special Administrative Region (HKSAR), have legislated to 
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1. Litroduction 
Table 1-1. The characteristics of plating wastewater discharged from sixteen local 
electroplating factories (Environmental Management Division, 1986). 
W I ^ ^ ^ ^ ^ ^ ^ H H H H ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ H H M I ^ ^ ^ ^ M ^ ^ H M ^ ^ ^ M ^ ^ ^ ^ B ^ ^ ^ ^ ^ M H ^ ^ ^ ^ ^ ^ ^ ^ H ^ ^ ^ ^ ^ ^ ^ ^ M M I I I ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ M M I W I ^ ^ ^ ^ ^ ^ ^ H ^ ^ ^ ^ H M i a ^ ^ ^ H I I I ^ M M H ^ H H a 
Parameter Range 
Ag+ (mg/L) 2 - 3 
Al3+(mg/L) 10-230 
Cr3+/Cr6+ (mg/L) 1 - 40 
Cu2+ (mg/L) 1 - 30 
N P (mgyO.) 3 - 365 
Zn2+ (mg/L) 4 - 250 






control the pollution of the waters under the Water Pollution Control Ordinance 
(WPCO). The Environmental Protection Department (EPD) introduced a "Technical 
Memorandum on Standards for Effluent Discharged", which is a guide on the acceptable 
effluent discharge standards on the basis of acceptable pollutant concentrations and flow 
rates for discharge into various aquatic environments in different areas of Hong Kong 
(Table 1-2) (Industry Department, 1997). In other words, the concentrations of toxic 
metal ions in the effluent cannot exceed the standard discharge limits before being 
discharged into the environment. Consequently, increasing attention is being directed 
towards studying their removal from metal ion-bearing waste streams. 
1.1.2 Methods for removal of metal ions from industrial effluent 
A. Physico-chemical methods 
Discharging untreated metal ion-bearing waste streams has been proven to 
impose deleterious threats on an aquatic environment as well as human beings. In order 
to minimize the deleterious threats caused by toxic metal ions, numerous conventional 
physico-chemical methods have been attempted to remove metal ions from industrial 
effluent. These methods include chemical precipitation, activated carbon adsorption, ion 
exchange, reverse osmosis, membrane separation, evaporation, and oxidation-reduction 
(Sag and Kutsal, 1995; Veglio and Beolchini, 1997; Donmez et aL, 1999; Sanchez et al., 
1999). However, most of them are often ineffective and/or costly especially at low 
/ 
concentrations ofmetal ions range from 1 to 100 mg/L (Kapoor and Viraraghavan, 1995; 
Leusch et al., 1995). 
Among these physico-chemical methods, chemical precipitation is regarded as 
the simplest and cheapest method for the removal of large quantities ofmetal ions. This 
： 4 
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Table 1-2. Standards for effluent discharged into government sewage treatment plants 
with specific flow rates (Industry Department, 1997). 
j Parameter Flow rate (m /day) 
<To > 800 and < 1000~~> 5000 and < 6000 
Ba2+ (mg/L) 8 2.4 0.4 
B3+ (mg/L) 8 2.4 0.4 
Cd^^ (mgOJ) 0.2 0.001 0.001 
Cr3+/Cr6+(mg/L) 2 0.6 0.1 
Cu2+ (mg/L) 4 1 1 
Fe2+/Fe3+(mg/L) 30 10 1.5 
Hg2+(mg/L) 0.2 0.001 0.001 
N P (mg/L) 4 1 0.6 
Ag+ (mg/L) 4 1 0.6 
^ Zn2+ (mg/L) 5 1 0.6 
Other toxic metal 2.5 0.6 0.1 
ions (mg/L) 
CN_ (mg/L) 2 0.4 0.06 
pH 6 - 1 0 6 - 1 0 6 - 1 0 




metal ion removal process accomplished by increasing the pH of the effluent by addition 
of calcium or sodium hydroxides, thus converted the soluble metal ions into an insoluble 
form (i.e. metal hydroxide) and finally separated by simple filtration. Nevertheless, 
removal of metal ions from dilute effluents by precipitation requires huge amount of 
chemicals. Consequently, the cost of the precipitation process can be prohibitively high. 
Moreover, the metal ion concentration of treated effluent is usually still higher than the 
permissible discharge limits. Therefore, other co-operating methods are needed. In 
addition, precipitation process is non-selective and can be influenced by the presence of 
metal-complexing agents such as cyanide. The most critical point is that large quantities 
oftoxic solid sludge would be generated and hence causes a disposal problem (Kuyucak, 
1990; Sze et al.，1996; Kratochvil and Volesky, 1998a). 
r t ' ' 
Activated carbon adsorption is another widely used process to removal metallic 
and organic pollutants. However, this process is not only ineffective at low 
concentrations of metal ion but also non-selective. In addition, both regeneration and 
activation processes of carbon, which would cause reduction of its uptake capacity by 
approximately 15%, must be performed after each adsorption cycle (Kuyucak, 1990; 
Deans and Dixon, 1992). 
Another treatment method, ion exchange process, has recently become more 
extensively used in water and wastewater treatments. Although the metal ion removal 
capacity of ion exchange resins is usually very high, they are often more expensive than 
/ 
' � 
other adsorbents. Moreover, ion exchange is almost totally ineffective in the presence of 
large quantities of competing monovalent and divalent ions such as sodium and calcium. 
Furthermore, resins are not resistant to thermal and osmotic shock and are only more 
predictable for a given metal ion as they are synthesized to have only one metal 
： 6 
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functional group (Kuyucak, 1990; Deans and Dixon, 1992). 
Owing to the aforementioned economic and/or technological constraints of 
these conventional methods, a comparatively promising and cost-effective alternative 
method, biosorption, is introduced. 
B. Biosorption 
An alternative process, biosorption, has been applied to the recovery of metal 
ions from industrial wastewaters. Studies in recent years indicate that many 
microorganisms as well as their biopolymers can accumulate high quantities of metal 
ions (Volesky and Holan, 1995; Simmons and Singleton, 1996; Sanchez et al., 1999). 
Hence, attention is being focused on the development of new and cost-effective 
«> 
microbial processes with the potential to recover valuable metal ions. 
Microorganisms, including algae, bacteria, fungi and yeasts, and theirs 
biopolymers, including chitin and chitosan, are known to possess a high potential to 
adsorb and accumulate metal ions from aqueous solutions in substantial quantities. The 
uptake of metal ions by biomass can be taken place by an active mode (dependent on the 
metabolic activity) known as bioaccumulation or by a passive mode (adsorption, 
coordination, ion exchange, chelation, complexation and/or microprecipitation) termed 
as biosorption (Kapoor and Viraraghavan, 1995). 
Shumate and Strandberg (1985) defined biosorption as a non-direct physico-
, / 
chemical interaction that may occur between metal ion species and the cellular 
compounds ofbiological species. Another definition given by Volesky and Holan (1995) 
defined biosorption as an adsorption and/or complexation of dissolved metal ions based 
on the chemical activity of microbial biomass. 
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As shown in Table 1-3, using microorganisms as biosorbents for metal ion 
removal offers benefits over the conventional physico-chemical methods. Metal ion 
biosorption is an efficient process because most biosorbents show a remarkable uptake 
capacity for the metal ion of choice, especially at concentrations of metal ions range 
from 1 to 100 mg/L (Kapoor and Viraraghavan, 1995; Leusch et al., 1995). Therefore, 
reducing the concentrations of toxic metal ions to an environmentally acceptable limit 
can be achieved. Moreover, unlike the processes of chemical precipitation and ion 
exchange, toxic sludge will not be generated during the biosorption process. In most 
cases, the metal ions loaded on the biosorbents can be recovered by dilute acid, hence 
precious metal ions can be recovered and the regenerated biosorbents can be used again 
(Volesky, 1990; Kapoor and Viraraghavan, 1995; Veglio and Beolchini, 1997). 
1, 
It is well documented that metal ion biosorption is not only an efficient 
process, but also a cost-effective process. As can be seen from Table 1-4，the production 
cost of biosorbents is comparatively lower than that of activated carbon and ion 
exchange resins. It is because biosorbents can be obtained directly from the abundant 
biological materials found in nature or as a by-product from large-scale fermentation 
industries. Furthermore, they can also be produced by cultivation since the production 
costs are relatively low when compared with other adsorbents (Kuyucak, 1990; Kapoor 
and Viraraghavan, 1995; Chu et al., 1997). 
In summay, the main advantages offered by biosorption are as follows: 
• Metal ions can be selectively removed even at low concentrations (1 - 100 mg/L); 
• The metal ion concentrations of treated effluents meet the standard discharge limits; 




Table 1-3. Characterization of metal ion removal and recovery technologies (Kuyucak, 
1990; Kapoor and Viraraghavan, 1995). 
Technology Properties of technology 
Concentration pH Concentration Regeneration Sludge 
dependence adjustment of effluent generation 
M ^ 
Biosorption Yes Yes < 1 Yes No 
Chemical No No 2-5 No Yes 
precipitation 
Activated carbon Yes Some 1-5 Yes No 
adsorption 
Ion exchange Yes Some < 1 Yes Yes 
Evaporation Yes Yes 1-5 No No 
Reverse osmosis No Some 1-5 Yes No 




Table 1-4. Cost comparison of various adsorbents (Kapoor and Viraraghavan, 1995). 
Adsorbent Price of adsorbent 
Naturally abundant biosorbent Transportation and drying costs only 
Biosorbent collected from industrial Transportation and drying costs only 
fermentation processes 
Biosorbent produced by cultivation US$ 1-5/kg 
Activated carbon US$ 2-5.5/kg 
Ion exchange resin US$ 13-30/kg 




• Biosorbent can be regenerated by dilute acid and used again; 
• Biosorbent has very low affinity for calcium and magnesium ions; 
鲁 Alkali-metal ions are not prone to biosorption; 
• The system operates over the broad pH range from pH 3 to 9; 
• The system is effective over a temperature range from 4 to 90° C; 
• Biosorption process offers low capital and operation costs; 
• Biosorption is a rapid and reversible process; 
• Biosorbent, which is non-toxic and biodegradable, can be easily disposed of by 
incineration without further treatment; 
• Converting pollutant metal ions to metal ion product eliminates the cost and liability 
of toxic sludge disposal. 
i : * 
Thus, biosorption can be regarded as an effective and economical technology for 
removal and recovery of metal ions from dilute solution. 
1.1.3 Chitin and chitosan 
A. History of chitin and chitosan 
Braconnot was the first scientist to discover chitin in 1811 (Brine, 1984; 
George, 1992). He isolated an alkali-resistant fraction from some of the higher fungi 
with dilute warm alkali solution. This alkali-resistant fraction, he termed as 'fungine', 
was not a pure chitin, but an equal mixture of chitin and a non-nitrogeneous polyglucan. 
/ 
/ � 
Twelve years later, another scientist, Odier, isolated an insoluble material from 
the elytrum of the cockchafer beetle, or May bug, by repeated treatments with hot 
potassium hydroxide solution (Brine, 1984; George, 1992). This insoluble material was 





also identified chitin as present in demineralized crab carapace and suggested that it is 
the basic material of the exoskeletons of all insects and possibly arachnids (Brine, 1984; 
George, 1992). However, it is probably that the insoluble material isolated by Odier was 
chitosan rather than chitin because the elemental analysis gave an empirical formula of 
approximately CnH17O7N2 which is considerably closer to that for the disaccharide 
repeat unit of chitosan (C12H22O8N2) than that of chitin (Ci6H26O10N2) (Brine, 1984; 
George, 1992). 
In fact, the major derivative of chitin, collectively named as chitosan by 
Hoppe-Seyler in 1984，was first discovered by Rouget in 1859 (Brine, 1984; George, 
1992). He reported that treatment of chitin with concentrated potassium hydroxide 
solution under reflux gave a product called 'modified chitin’. This modified chitin was 
n t ? 
soluble in dilute solutions of organic acids and appeared a different colour on treatment 
with an acidified iodine solution from that of the original chitin (Brine, 1984; George, 
1992). 
B. Structures and sources of chitin and chitosan 
Chitin is the second most abundant naturally occurring biopolymer after only 
cellulose (Muzzarelli, 1977; George 1992; Allen, 1995). It is also the most common 
polysaccharide that contains amino sugars. Chitin is a long and unbranched 
polysaccharide, and can be regarded as a naturally occurring derivative of cellulose, 
“ / •^  
where the C2 hydroxyl group has been replaced by the acetyl amino group (-NHCOCH3) 
as indicated in Figs. 1-la and l-lb. The primary unit in the chain polymer is 2-
acetamido-2-deoxy-D-glucopyranose (iV-acetyl_D_glucosamine). These units are linked 
by P (1^4) glucosidic bonds forming a long chain linear polymer having degree of 
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polymerization around 2000 - 4000 (Muzzarelli, 1977; George 1992; Allen, 1995). 
Chitin is universally present in the exoskeletons of crustaceans, such as shrimp, 
crab and lobster, and insects, including locust, water beetle and cockroach. It is also 
found in the cell walls of diatoms, algae, fungi and yeasts (Inoue et al., 1993; Chui et al., 
1996; Selmer-Olsen et al., 1996). 
Chitosan, a deacetylated derivative of chitin, is a linear biopolymer with high 
amine content and polycationic in nature (Fig. l-lc) (Guibal et al., 1995a; Inoue et al.’ 
1999). It consists o f > ^ ( l ^ ) 2-amino-2-deoxy-D-glucopyranose (D-glucosamine) as the 
monomer unit. Unlike chitin, chitosan occurs much less frequently in nature, but usually 
derived from chitin by heterogeneous alkaline deacetylation using concentrated sodium 
hydroxide solution at high temperature. This chemical deacetylation process can remove 
•1" 
the acetyl groups (-COCH3) from the structure of chitin and leave the amino groups (_ 
NH-) on the structure of chitosan (Fig. 1-2) (Rane and Hoover, 1993b; Huang et al, 
1998; Inoue et al., 1999; Minamisawa et al, 1999). 
The extraction of chitin and chitosan has been pursued by a number of 
researchers around the world. Various procedures have been adopted to isolate chitin and 
chitosan but no standard process has been developed till now. Nevertheless, the 
procedures for extraction are more or less the same. The general extraction methods are 
summarized in Fig. 1-3 (Onsoyen and Skaugrud, 1990; Knorr, 1991; Hudson and Smith, 
1998). The major differences lied on the natures of acid and alkali and also the 
/ •ky 
conditions used for deproteination, demineralization and deacetylation. Although the 
extraction processes can be accomplished by various chemicals and conditions, the 
^ physico-chemical properties of extracted chitin and chitosan would be directly affected 
by the extraction processes employed. As Rane and Hoover (1993a) reported that the 
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Crustacean shell ； 
Size reduction ； 
Deproteination < ~ dilute NaOH ； 
Washing ； 
Demineralization < ~ dilute HC1 - ； 
1 Washing and dewatering i Chitin ； 
Deacetylation <~~ concentrated NaOH ； 
Washing and dewatering ； 
Chitosan 
Figure 1-3. Flow diagram of chitin and chitosan processing (modified from Onsoyen and 
Skaugmd, 1990; Knorr, 1991 ； Hudson and Smith, 1998). 
i 
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physico-chemical properties of chitin and chitosan are much more dependent on the 
extraction processes used rather than the origins of chitin and chitosan. Thus, a 
standardized extraction method should be developed. 
C. Characterization of chitin and chitosan 
Historically, chitin and chitosan are differentiated based on their solubility 
characteristics in dilute acidic media. Chitosan is soluble in most dilute acids, e.g. HC1, 
HBr, HNO3 and H3PO4, whereas chitin is insoluble in almost all acids except strong and 
concentrated mineral acids (George, 1992; Allen, 1995). 
However, the most important and accurate parameter for the characterization of 
chitin and chitosan is the degree of A^-acetylation (DA), that is the ratio of 7V-acetyl-D-
glucosamine to D-glucosamine structural units, or degree of A^-deacetylation (DDA), that 
is the ratio of D-glucosamine to A^-acetyl-D-glucosamine structural units, rather than 
solubility. As it was discovered that the process of deacetylation of chitin to chitosan is 
almost incomplete, thus a copolymer is created by a mixture of A/-acetyl-D-glucosamine 
(chitin) and D-glucosamine (chitosan). And it was also found that the copolymer with 
more than half portion of D-glucosamine would almost completely soluble in acidic 
media (Hudson and Smith, 1998; Kurita, 1998). Therefore, in order to clarify the 
properties of deacetylated products, samples were described by a continuum of 
copolymers with different proportions of iV-acetyl-D-glucosamine and D-glucosamine 
monomeric units. Scientists defined sample with 100% of A^-acetyl-D-glucosamine 
residues as 100% DA (or 0% DDA) of chitin (pure chitin), while that with 100% of D-
glucosamine residues as 0% DA (or 100% DDA) of chitin (pure chitosan). Generally, 




The degree of A^-acetylation of chitin could be determined by various methods, 
for instance, infra-red spectroscopy (Graham and George, 1980; Domard and Rinaudo, 
1983; Muzzarelli et al., 1994; Synowiecki and Al-Khateeb, 1997)，elemental analysis 
(Pangbum et al., 1984; George, 1992) first derivative ultra-violet spectroscopy 
(Muzzarelli et aL, 1994; Tan et al., 1998), nuclear magnetic resonance spectroscopy 
(George, 1992), mass spectroscopy (^ieto et al., 1991), thermal analysis (Alonso et aL, 
1983; Nieto et al., 1991), enzymatic hydrolysis (Nanjo et al., 1991) and high 
performance liquid chromatography fNanjo et al., 1991; Niola et al., 1993). 
Infra-red spectroscopy has been commonly used to determine the DA of chitin 
and chitosan because of simple and rapid. Three amide bands, which are located at 1655 
r i " 
(amide I), 1550 (amide II) and 1310 cm'^  (amide III), are the characteristics of chitin. 
However, all of these bands are known to become progressively weaker with increased 
deacetylation ofchitin, in other words, weak absorption bands are observed in the infra-
red spectrum ofchitosan (Pangbum et cd., 1984). 
The amide I band at 1655 cm"^  is commonly used for the determination of the 
residual -CONH- groups. Two different absorption bands have been employed as 
internal standards depending on the range of acetyl content. For DA between 10 and 
100%, the OH stretching band at 3450 cm"^  is used as an internal standard band (Graham 
and George, 1980; Kapoor and Viraraghavan, 1998) and the DA of sample is calculated 
as follows: 
D A ( % ) = (Al655/A3450)100/1.33 
18 
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DDA(%) = 100-DA(%) 
For DA below 10%, the CH stretching band at 2867 cm'^  is used as an internal standard 
band (Domard and Rinaudo, 1983; Guibal et al., 1995b; Kapoor and Viraraghavan, 
1998) and the DA of sample is calculated as follows: 
D A ( % ) = (Al655/A2867 )100 
As the characteristic bands of chitin are known to become progressively 
weaker with increased deacetylation of chitin, the determination of DA of chitin by 
Fourier transform infra-red spectroscopy is only reliable for chitin with high acetyl 
M 
content. Thus, another comparatively simple and rapid method, elemental analysis, is 
introduced. The DDA of sample is determined in the basis of its nitrogen content. Since 
the nitrogen content of pure chitin (0% DDA) was 6.89%, while that of pure chitosan 
(100% DDA) was 8.69%, thus it is possible to determine the degree of 7V-deacetylation 
by measuring the nitrogen content of the sample (Hudson and Smith, 1998). 
D. Applications of chitin and chitosan 
Chitin and chitosan offer a wide range of unique properties, such as high 
solubility, high amino content, non-toxic, biodegradable and biocompatible (Rane and 
丨> 
Hoover, 1993b; Allen, 1995)，which make them suitable for a wide number of industrial 
and biomedical applications. These applications include health care, medicine (Onishi et 
al., 1997)，food and beverages (Muzzarelli and de Vincenzi, 1997)，agriculture (Li and 
Wu, 1998)，cosmetics and toiletries (Srikumlaithong et al., 1998)，textile (Hudson, 1998) 
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and water and wastewater treatments (Thome et al” 1997; Huang et aL, 1998). 
Among them, wastewater treatment, particularly removal of toxic metal ions, 
recovery of precious metal ions and recycling of metal ions from industrial wastewater 
for reuse, by means of chitin and chitosan seem more attractive in recent years 
(Coughlin et al., 1990; Udaybhaskar et al., 1990; Deans and Dixon, 1992; Peniche-
Covas et al., 1992; Chui et al., 1996; Huang et al., 1996; Inoue et al” 1999). This has 
been attributed to the excellent adsorption characteristics of chitin and chitosan. 
Muzzarelli (1977) and Onsoyen and Skaugrud (1990) speculated that the 
interactions of metal ions with chitin and chitosan are complicated, probably 
simultaneously dominated by adsorption, ion-exchange and chelation. The dominated 
mechanisms for metal ion adsorption are mainly attributed to the characteristics of 
r l ' 
^ I 
biosorbents as well as metal ions. For Ca，the ion-exchange is the dominant process, 
whereas for the other metal ions, for instance Cu�+ and Cd】+，adsorption with some 
chelation may be important. 
The formation of a coordination complex between the metal ion and 
chitin/chitosan is mainly due to the presence of amino and hydroxyl groups in these 
polymer chains. These donor groups are capable of combining with a metal ion by 
donating a lone pair of electrons, thus forming dative coordination bonds (Huang et aL, 
1998; Inoue et al” 1999; Minamisawa et al” 1999). Evidences supported that the 
formation of metal ion chelates would establish by chelating the metal ion with two or 
>. 
more ligands from the same molecules. Usually chitin or chitosan to form a chelate 
requires either the involvement of - O H or "0_ groups on the 7V-acetyl-D-glucosamine or 
D-glucosamine residues as ligands, or else two or more -NH2 or -NHCOCH3 groups 
















































































































































Inoue et aL, 1993). 
In fact, the ligands involved for the formation of metal ion chelate are 
dependent on the properties of target metal ions, solution pH and the availability of 
ligands' electrons (George, 1992). Referring to the structures of chitin and chitosan, the 
lone pair electrons present on the amino groups of chitosan are easier to be accessed than 
those on the acetamino groups of chitin. That is the reason why chitosan usually had 
better adsorption performance than chitin in most previous investigations (Maruca et aL, 
1982; Yang and Zall, 1984; Deans and Dixon, 1992; Huang et al., 1996; Bailey et al., 
1999). 
1.1.4 Factors affecting biosorption 
r»> 
A. Solution pH 
It is well documented that the pH of the aqueous solution exhibited a 
significant effect on metal ion adsorption (Ohga et al., 1987; Inoue et al., 1993). This pH 
dependence of metal ion adsorption could be largely related to the various functional 
groups on the biosorbent surfaces and also to the metal ion solution chemistry. 
Generally, the uptake of metal ion is negligible at very low pH values from pH 1 to 2. 
Then the uptake of metal ion increases with increasing the solution pH from pH 3 to 5 
and it is at a maximum once an optimum pH is reached. However, as the pH is increased 
beyond the optimum value (different metal ions and biosorbents having different 
optimum pH values), the uptake of metal ion decreases (Modak and Natarjan, 1995). 
The uptake of Cr�+ on chitin and chitosan is affected by solution pH. There is a 
dramatic increase in the amount of Cr]+ taken up by both chitin and chitosan as the pH 
increases from 4 to 7 (Maruca et al., 1982). Apart from Cr�+，similar phenomenon is 
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observed for the adsorption ofCu]+，Np, Zn!+，Pb】+，Ag+，Cd�+ and Co�+ by chitin and 
chitosan. This pH dependence of metal ion adsorption might be attributed to the 
protonation and deprotonation of the amino groups of the A^-acetyl-D-glucosamine and 
D-glucosamine units present on chitin and chitosan, respectively (Kurita et al., 1986; 
Ohga et aL, 1987; Inoue et al., 1993). 
The chelation of transition metal ions by chitin and chitosan is mainly due to 
the presence of the amino groups in the polymer chains. These donor groups are capable 
of combining with a metal ion by donating a lone pair of electrons, thus forming dative 
coordination bonds. In solution, chelating anions are proton acceptors and hence protons 
would compete with metal ions for the anions. According to equation 1，at higher pH 
values, the equilibrium is shifted to the right so that the uptake of metal ion is increased 
significantly. Conversely, at lower pH values, the equilibrium is shifted to the left and 
thus the chelation of metal ions by chitin and chitosan is poor (Allen, 1995). 
M2+ + R-NXH2+ <^M2+ + R-NXH + H+ (1) 
where X = COCH3 for chitin; X = H for chitosan. 
The different pH binding profiles of metal ions for various biosorbents could 
be explained by the nature of the chemical interactions of each metal ion towards 
] different biosorbents as well as the metal ion solution chemistry. At lower pH values, the 
surface charge density on the metal binding sites becomes positive because of a high 
concentration of protons (H+) in solution. As a result the metal ion removal was 
inhibited. With an increase in pH value, the negative charge density on the biosorbent 
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surface increases due to deprotonation of the metal binding sites and hence increases 
biosorption (Matheickal and Yu, 1996; Kapoor et aL, 1999). Previous studies 
demonstrated that the metal ion solution chemistry becomes an important factor in 
determining the uptake of metal ion when the pH values are higher. The reduction in 
metal ion adsorption as the pH increased beyond the optimum value (usually from pH 5 
to 7) has been attributed to a reduced solubility and the formation of metal precipitates 
(Harris and Ramelow, 1990). 
B. Concentration of biosorbent 
The concentration ofbiosorbent is another important parameter that affects the 
uptake of metal ion from aqueous solution. Previous studies reported that metal ion 
fc^ 
adsorption highly depended on the concentration of biosorbent (Gadd and de Rome, 
1987; Fourest and Roux, 1992; Pons and Fuste, 1993). It has been found that as the 
concentration ofbiosorbent increased, the amount of metal ion adsorbed per dry mass of 
biosorbent (removal capacity, RC) decreases, whereas the total amount of metal ion 
adsorbed (removal efficiency, RE) increases. 
Singleton and Simmons (1996) reported that increasing the concentrations of 
Saccharomyces cerevisiae from 1 to 8 mg/mL decreased the RC of Ag+ from 224.7 to 
89.5 ^unol/g. However, the RE of Ag+ increased with concentration of biosorbent from 
25 % at 1 mgy^ mL to 78 % at 8 mg/mL. 
Prakasham et al. (1999) also demonstrated that higher Cr^ ^ RC accompanied 
with lower C P RE were observed at lower concentrations of Rhizopus arrhizus. 
Increasing the solid:liquid ratio from 1:50 to 1:10，decreased the RC of Cr^ ^ from 69.8 to 
26.9 mg/L, whereas increased the RE ofCr^^ from 30.2 to 73.1 %. 
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These common observations could be explained by the formation of aggregates 
at higher concentrations of biosorbent, which decreases the effective adsorption area of 
biosorbent for metal ion binding (Aksu et al., 1990)，and also by the shortage of metal 
ions in solution with increasing the concentration ofbiosorbent used (Fourest and Roux, 
1992). 
C. Retention time 
The adsorption of metal ions by microorganisms is known to be time 
dependence. This biosorption process might be generally due to two step adsorption 
mechanisms. An initial rapid step, during which adsorption was fast and contributed 
significantly to equilibrium uptake, might be due to the sufficient availability of organic 
A-9 
functional groups for adsorption process. A second slower step, whose contribution to 
the total metal ion adsorption was relatively small, might be attributed to the biological 
diffixsion of metal ions into the cell cytoplasm (Philip et al., 1995; Mishra and 
Chaudhury, 1996). 
Yin et al. (1999) mentioned that the kinetics of Cd�+ adsorption by fiingal 
biomass of Rhizopus arrhizus was relative fast. The kinetic profiles followed the typical 
2 1 . 
fast step then slow process in adsorption system. About 90% of the total uptake for Cd 
occurred within the first 10 minutes and equilibrium could be reached in 30-40 minutes. 
As well as fungal biomass, a brown alga Sargassum fluitans also adsorbed 
I, 
uranium ions efficiently from aqueous solution. At various pH values, approximate 70% 
of the total uptake for uranium ions were adsorbed onto the biomass in the first 15 
minutes and equilibrium could be reached within 3 hours (Yang and Volesky, 1999). 
Similar pattem of kinetic profile for Pb]+ biosorption by marine alga Ecklonia radiata 
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was observed by Matheickal and Yu (1996). The biosorption system reached over 50% 
of the total uptake for Pb:+ within the first 10 minutes and then attained equilibrium 
within 15 minutes. 
D. Initial metal ion concentration 
Many previous batch isotherm studies proved that the amount of metal ion 
uptake by the biosorbent was obviously influenced by the initial concentrations of metal 
ion. It is evident from the equilibrium isotherm that the RC increased steeply at low 
metal ion concentrations and eventually reached a plateau as the metal ion 
concentrations increased (Yang and Zall, 1984; Leusch et al.，1995; Huang et al., 1996; 
Kratochvil and Volesky, 1998b; Yin et al” 1999; Sing and Yu, 1998). 
s：』 
Different biosorbents as well as different metal ions bear their own 
characteristics of an equilibrium isotherm. In order to distinguish the metal ion 
adsorption capability and selectivity among different biosorbents, two widely accepted 
and easily linearized monolayer adsorption models, Langmuir and Freundlich adsorption 
isotherms, are employed. 
£. Presence of other cations 
During the past decade, almost all biosorption studies are only concentrated on 
the single-metal ion solutions and only a limited number of studies has been reported on 
the multimetal competitive interactions with the biosorbent in binary or multimetal 
systems. In fact, the determination of the effects of presence of other cations on target 
metal ion adsorption is exceptionally important as metal ion-bearing industrial effluent, 
commonly, contain more than one metal ion (Chong and Volesky, 1996). 
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Cation competition plays a key role in metal ion adsorption as it depends on the 
chemical interaction of the metal ion of interest and the other ionic species with the 
biosorbents. Many of the functional groups present on the biosorbent are nonspecific, 
thus different co-existed cations may compete for the same binding sites. Therefore, 
removal of target metal ion from multi-species solution is often found to be lower than 
that from the single-species solution (Modak and Natarajan, 1995). As reported by Wong 
and Fung (1997)，the Ni!+ RC of magnetite-immobilized Enterobacter sp. 4-2 was 
o i < ^ i 
greatly reduced in the presence of other metal ions, such as Cu or Zn . Besides, Sar et 
al. (1999) also demonstrated that the Cu^^ RC of Pseudomonas aeruginosa was inhibited 
in the presence ofFe】+，Ni】+，Cd!+ or Zn^ .^ 
Actually, the specificity of metal ion adsorption is mainly dependent upon the 
M：' 
type of metal ions as well as their concentrations. To the best of our knowledge, each 
metal ion bears its own specific chemical properties, such as ionic radius, ionic charge, 
electronegativity and hard/sofl character (Tsezos et aL, 1996; Puranik and Paknikar, 
1999). As a result, they may have different performance in different combinations of 
system. 
The concentration of metal ion can be just as important as the type of ion. 
Tsezos (1983) and Kratochvil and Volesky (1998a) demonstrated that the degree of 
reduction in uptake of target metal ion in the presence of other cations is directly 
affected by their concentration. As the concentration of the other cations increases, the 
uptake of the target metal ion decreases. 
Although, in the majority of cases, the presence of other cations inhibits the 
uptake of the target metal ion, few cases have also shown a positive effect on the metal 
2+ ion uptake. Gadd and Mowll (1985) demonstrated that there was an increase in Cu RC 
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of Aureobasidium pullulans in the presence of Hg2+，as it may be attributed to the 
increased permeability of cell wall. Besides, Sar et al. (1999) also reported an increased 
RCs ofNi2+ and Cu]+ by Pseudomonas aeruginosa in the presence ofNa+ or K+. 
F. Presence of anions 
Apart from the presence of other cations, studying the effect of the anions on 
metal ion adsorption is also important because in many potential applications a variety 
of anions, such as sulfate, chloride, dichromate and cyanide, will be present in addition 
to the metal ions (Chiu et al., 1987). 
The uptake of metal ion was shown to be reduced by the presence of 
ethylenediamine tetraacetate (EDTA), sulfate, chloride, phosphate, carbonate and 
a ? 
glutamate ions (Tobin et al” 1984; Zhou and Kiff, 1991). Among these anions, EDTA 
has the greatest inhibition on metal ion adsorption. It is attributed to the fact that EDTA 
forms highly stable metal-EDTA complexes with most metal ions and these complexes 
only have a weak interaction with the biosorbent. As a result, metal ion adsorption will 
be inhibited by the formation of stable complexes. 
1.1.5 Regeneration of metal ion-laden biosorbent 
A potential biosorbent depends not only on the metal ion removal capacity, but 
also on how well the biosorbent can be regenerated and used again. From the industrial 
point of view, recovering the loaded metal ions from the biosorbent in a concentrated 
solution and regenerating the biosorbent for reuse simultaneously are very important 
because it is directly related to the cost of production. 
Pons and Fuste (1993) as well as Yang and Volesky (1999) reported that dilute 
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(0.1 M) mineral acids, such as HC1, H2SO4 and HNO3, or carbonates, such as Na2CO3, 
can be used for desorption of metal ion from metal ion-laden biosorbent. The uranium 
ion could be easily recovered from brown alga Sargassum fluitans by 0.1 M of HC1 
solution (Yang and Volesky, 1999). Moreover, over 90% of Cu�+ and Ni^ ^ could be 
recovered from metal ion-laden chitosan by 0.1 M of H2SO4 solution (Muzzarelli and 
Rocchetti, 1974). However, desorption with concentrated mineral acid (> lM) is not 
recommended as Tsezos (1983) reported that concentrated acids can damage the 
structure ofbiosorbent and hence reduce its biosorption capacity in subsequent cycles. 
Besides strong mineral acids, a comparative mild organic acids, such as acetic 
acid ahd citric acid, and complexing agent such as EDTA can also be used for metal ion 
desorption (Mattuschka et al., 1993). Chui et al. (1996) mentioned that EDTA could 
t ^ 
effectively recover 80-100% ofCu�+ and Ni�+ from shrimp chitin and 66-100% ofthese 
two metals from crab chitosan. 
An important parameter for desorption is the ratio of loaded biosorbent (S) to 
volume of eluent (L), usually called S/L ratio. This ratio needs to be maximized, thus 
metal ions can be recovered in high concentration and used again. 
1.1.6 Modeling of biosorption 
A. Adsorption equilibria and adsorption isotherm 
Adsorption involves the accumulation of dissolved substances at a surface or 
an interface. This process can occur at an interface between any two phases, for instance, 
liquid-liquid, gas-liquid, gas-solid and liquid-solid interfaces. The substance being 
adsorbed is the adsorbate, and the adsorbing phase is termed the adsorbent. Adsorbates 
are usually attached on the adsorbent by means of physisorption or/and chemisorption. 
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The physisorption results from the action of van der Waals forces between the adsorbate 
and the adsorbent, while the chemisorption involves some chemical bondings between 
them (Weber and Walter, 1972). 
When a quantity of adsorbent contacted with a given volume of a liquid 
containing an adsorbate, adsorption process occurs until equilibrium is achieved. The 
equilibrium position in the adsorption process may be a function of the concentration of 
solute, the concentration and nature of competing solutes, the nature of solution, the 
volume of liquid involved and the amount of adsorbent employed. This adsorptive 
behavior can be expressed by an adsorption isotherm, which demonstrates the 
relationship between the amount of certain solute adsorbed per unit weight of 
biosorbent, qe, and the concentration of solute remaining in solution at equilibrium, Ce at 
• s ^ 
constant temperature (Mameri et al” 1999). A plot of qe versus Ce gives an adsorption 
isotherm plot. The most common shape of the adsorption isotherm is given in Fig. 1-5 
(Parfitt and Rochester, 1983). 
Although most adsorption isotherms have the shape shown in Fig. 1-5, a 
variety of other shapes have been reported and present in Fig. 1-6. According to the 
shape of the initial part of the isotherm, four characteristic classes are identified. They 
include S (sigmoid), L (Langmuir), H (high affinity) and C (constant partition). Among 
them, the L class is the most common. The amount adsorbed, q^ increases with 
increasing the equilibrium concentrations and then reaches a plateau over certain value 
1 I, 
of Ce. For the H class, an exceptionally high affinity of adsorption observes at low Ce. 
This implies that the adsorption system is highly favored. For the S class, the slopes are 
first convex to the concentration axis, followed by a point of inflection and finally 
concave to the concentration axis with increasing Ce. For the C class, the shape is quite 
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Figure 1-6. Classification of isotherm shapes (S, sigmoid; L, Langmuir; H, high affinity; 







different as qe increases linearly with increasing Ce at the beginning and suddenly 
reaches a plateau over a certain value of Ce (Parfitt and Rochester, 1983). 
In order to compare the metal ion adsorption capability and selectivity 
quantitatively among different biosorbents, two commonly used monolayer adsorption 
models, Langmuir and Freundlich adsorption isotherms, are employed. 
B. Langmuir isotherm 
The Langmuir isotherm, which is a widely accepted adsorption model, is often 
used to describe the adsorption phenomenon of various biosorbents. This model is based 
on the following assumptions: (1) all the sites on the adsorbent surface are identical; (2) 
the energy of adsorption is constant (homogeneous); (3) there is no migration of 
n > 
adsorbate molecules in the adsorbent surface; (4) there is no interaction between the 
adsorbed molecules; (5) adsorption is only limited to a monolayer (Langmuir, 1918; 
Volesky, 1994; Matheickal and Yu, 1996). The Langmuir model can be described as 
bC/eQ max Qe = 
4 (l + bCe) 
in which qe is the amount of solute adsorbed per unit dry weight of biosorbent at 
concentration Ce (mg metal iony^ g biosorbent or mmol metal ion/g biosorbent); Ce 
represents the equilibrium concentration of metal ion in bulk aqueous phase after 
adsorption (mg/L or mmol/L); qmax is the theoretical maximum uptake of solute per unit 
dry weight ofbiosorbent (mg metal iony'g biosorbent or mmol metal ion/g biosorbent); b 
is the adsorption affinity constant related to energy of adsorption (L/mg or L/mmol). 
Two convenient linear forms of the Langmuir equation are 
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C e 1 C e ——= + 
qe b q max q max 
or 
1 1 1 —= + 
qe bq max bCeQ max 
A plot of C e / q e against C e (or 1 /qe against l / C e ) gives a straight line with a 
slope of 1/qmax and an intercept of 1/bqmax (or with slope of 1/bqmax and intercept of 
l/qmax). Hence the adsorption parameters, qmax and b, can be evaluated and used to 
compare the adsorption behavior quantitatively in different adsorbate-adsorbent systems 
(Matheickal and Yu, 1996; Mameri et al., 1999). 
It is worth noting that when the amount of adsorption is small as bCe « 1，the 
Langmuir equation would give a linear adsorption relationship as 
qe = q max b C e 
On the other hand, when the amount of adsorption is large as bCe » 1，the Langmuir 
equation would become 
qe = qmax 
C. Freundlich isotherm 
The Freundlich isotherm is another widely accepted model for describing the 
monolayer adsorption. The empirical Freundlich equation assumes that the surfaces of 
adsorbents are heterogeneous and therefore the adsorbents are expected to have 
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heterogeneous energies for adsorbing adsorbates (Aksu et al., 1999; Zhou, 1999). This 
equation can be expressed as 
q^  = kCe"n 
in which qe is the amount of solute adsorbed per unit dry weight of biosorbent at 
concentration Ce (mg metal ion>^ g biosorbent or mmol metal ion/g biosorbent); Ce 
represents the equilibrium concentration of metal ion in bulk aqueous phase after 
adsorption (mg/L or mmoVL); k and n are empirical constants and indicative of 
adsorption capacity and intensity, respectively. 
To simplify the derivation of k and n, the Freundlich equation is often 
'':' linearized by taking the natural logarithm on both sides of the equation as 
lnqe = lnk + l/nlnCe 
A plot of ln qe against Ce would yield a straight line with a slope of 1/n and an 
intercept equal to the value of ln k for Ce = 1 (ln Ce = 0). The magnitude of n is an 
indicator of system suitability, with values of n > 1 (or 1 < 1/n < 0) representing 
favourable adsorption conditions (Scott and Karanjkar, 1995; Sag and Kutsal, 1995; 
Minamisawa et al； 1999), while the intercept ln k is related to the capacity of the 
adsorbent for the adsorbate. 
The Freundlich equation generally agrees quite well with the Langmuir 
1 
equation and experimental data over moderate ranges of concentration, Ce. However, 
j unlike Langmuir equation, it does not become linear particularly at low concentrations 
j 
but remains convex to the concentration axis (Adamson, 1990). 
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1.2 Obj ectives of the present study 
In order to reduce the environmental pollution caused by toxic metal ions, a 
comparatively effective and innovative technology, biosorption, is employed throughout 
the study. 
The objective of the present study was to screen out a promising biosorbent 
that had the highest metal ion removal capacity among three potential candidates for 
removal of Cu�+，Ni�+ and Zn】+，the three currently found metal ions, from aqueous 
solutions. For this purpose, characterization of biosorbents was required. After sorting 
out the promising biosorbent, an investigation is undertaken to determine the effects of 
physico-chemical parameters, including solution pH, concentration of biosorbent, 
a retention time, initial metal ion concentration, and presence of other cations and anions, 
2_|_ 2+ 2+ 
on metal ion adsorption. Then the removal capacities of Cu，Ni and Zn were 
evaluated by two monolayer adsorption models, Langmuir and Freundlich models. The 
optimization of metal ion removal efficiency was also determined. In addition, the 
effects of various eluents on metal ion desorption from metal ion-laden biosorbent was 
compared. Then the multiple adsorption and desorption cycles were investigated with 
the eluent having the best performance. Finally, the experiments have been conducted to 
determine the removal and recovery capacities of Cu�+，Ni�+ and Zn�+ from real 
electroplating effluent and evaluate the feasibility of utilizing biopolymer to remove 
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i 2. Materials and methods 
i 
2.1 Biosorbents 
Three biosorbents, chitin A, chitin B and chitosan (Fig. 2-1), were supplied by 
International Chitin Production Inc. (ICPI, Vancouver, Canada). They were isolated 
from pink shrimp {Penaeus japonicus) shells collected from shrimp meat canning 
industry. The degree of A^-deacetylation (DDA) of chitin B and chitosan defined by ICPI 
was 0 and 98%, respectively, while that of chitin A was not defined by ICPL 
2.1.1 Production of biosorbents 
The procedures for production of biosorbents were provided by ICPL Fresh 
i ^ i k shrimp shells were cleaned in order to remove remaining attached flesh under tap water 
I 
(1:15 w/v) and rinsed with deionized water (1:1 w/v). The washed shells were collected 
by centrifugation at 300 rpm and then dried at 92° C by tumbling drying process for one 
and halfhour. Finally, the heat-dried shells were ground down to 100 mesh (0.15 mm) at 
i 25° C and resulted as chitin A. 
Chitin B was prepared by demineralizing chitin A with 0.5 N HC1 in a ratio of 
1:10 (w/v) at 25°C for 8 h, then washed with deionized water (3:1 w/v) and drain-dried 
by 100 mesh rayon bag. The demineralized chitin was then deproteinized by 0.5 N 
i 
i NaOH in a ratio of 1:10 (w/v) at 25° C for 8 h, washed with deionized water (3:1 w/v) i 
I 
and then drain-dried by 100 mesh rayon bag. The demineralized and deproteinized chitin 
， was then collected by centrifugation at 300 rpm and dried at 92° C by tumbling drying 
te 
process for one and halfhour. Finally, the chitin was ground down to 100 mesh at 25° C 
and resulted as chitin B. 
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2. Materials and methods 
Chitosan was prepared by deacetylating chitin B with 10 N NaOH in a ratio of 
1:10 (w/v) at 105®C for 45 min. The deacetylated chitin was then neutralized by 
deionized water and collected by centrifugation at 300 rpm. After that chitosan was 
dried at 92° C by tumbling drying process for one and halfhour and ground down to 100 
meshat25°C. 
2.1.2 Pretreatment of biosorbents 
Biosorbents were pretreated by washing with ultrapure water (Milli-Q， 
Millipore, Bedford, UK) in a ratio of 1:15 (w/v) for 1 h and then collected by 
centrifugation with a Beckman J2-M1 centrifuge machine (Beckman, California, USA) 
卜 at 12,000 rpm and 4®C for 10 min. The washed biosorbents were then lyophilized by 
freeze-dryer (Labconco, Missouri, USA) at 0 � C and a reduced pressure for 2 days. The 
freeze-dried biosorbents were stored in an auto drybox (Eureka AD-75B) for later 
biosorption experiments. 
2.2 Characterization of biosorbents 
The properties of chitin A, chitin B and chitosan were characterized by 
elemental analysis, metal analysis, protein assay, chitin assay and degree of N-
deacetylation analysis. 
2.2.1 Chitin assay 
The chitin contents of chitin A and chitin B were determined gravimetrically 
after solubilizing the protein and the minerals based on the chitin assay mentioned by 
Ferrer et al. (1996). Oven-dried biosorbents were first deproteinized by 2 N NaOH 
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(Merck, Darmstadt, Germany) in a ratio ofl:20 (w/v) as mentioned in Section 2.2.3. The 
deproteinized fraction was collected by filtration and neutralized by ultrapure water. 
Then it was demineralized using 2 N HC1 (Univar, Seven-Hills, Australia) in a 
solid/solvent ratio of 1:10 (w/v) with agitated by an orbital shaker at 200 rpm for 1 h. 
The chitin residue, deproteinized and demineralized fraction, was filtered using an oven-
dried and pre-weighted Whatman No. 42 filter (Kent, UK), then the filter was washed 
with ultrapure water and then dried in an oven at 105°C for 24 h. The percentage of 
chitin content of biosorbents (w/w) was then calculated according to the following 
equation, 
Chitin content (%) = ( W c + f - Wf)AVbxlOO 
where W c + f is the dry weight of filter paper loaded with chitin residue (g), W f is the dry 
weight offilter paper (g) and Wb is the dry weight ofbiosorbent (g). 
2.2.2 Protein assay 
The determination of protein contents of chitin A, chitin B and chitosan were 
achieved by mixing individual biosorbent with ultrapure water in a solid:water ratio of 
1:20 (w/v). The pH ofbiosorbent solutions were then adjusted to 12 using 2 N NaOH as 
significant solubility ofprotein was resulted in the high pH region (Romo and Anderson, 
1979; Cosio et al., 1982). The biosorbent solutions were agitated by an orbital shaker 
(Lab-line, Illinois, USA) running at 200 rpm for an extraction time of 2 h (Ferrer et al” 
1996). The supematants with solubilized proteins were separated from the biosorbent 
solutions by a Sanyo MicroCentaur (California, USA) at 13,000 rpm for 3 min and 
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analyzed by the modified Lowry method (Sigma Diagnostics procedure No. 690) with 
protein assay kid (Sigma Chemicals, St. Louis, USA). The absorbances of supematants 
were measured at a wavelength of 540 nm by a spectrophotometer (Milton Roy 
Spectronic 601，New York, USA). The solubilized protein was tumed blue in color once 
mixed the supernatant with a diluted biuret reagent (Sigma Chemicals) and Folin and 
Ciocalteu's Phenol reagent (Sigma Chemicals). Protein concentrations were then 
determined from a standard curve. 
2.2.3 Metal analysis 
The qualitative and quantitative metal analysis of chitin A, chitin B and 
chitosan was conducted by a standard method of acid digestion (Chui et al.，1996). 0.5 g 
of each freeze-dried biosorbents were pre-digested ovemight at 23±2° C in an acid-
digestion tubes with 12 mL of 65% concentrated nitric acid (RDH, Seelze, Germany). 
The biosorbent mixtures were then digested at 90° C in a digestion block (Tecator 2024) 
for the first 12 h and at 125°C for another 12 h until the mixtures became clear. After 
complete digestion, the temperature of the digester was increased to 135°C in order to 
concentrate the digested mixtures. Then the digested mixtures were transferred 50 mL 
volumetric flasks and diluted with ultrapure water. The digested samples were filtered 
by Whatman No. 42 filters and analyzed by an inductively coupled plasma atomic 
emission spectrophotometer (ICP-AES, Thermo Jarrell Ash Atomscan 16，Frankin, 
Canada). The measurements were performed at specific wavelengths for respective 
广、 
metal ions (Table 2-1). The same digestion procedures were performed for 12 mL of 
65% concentrated nitric acid (RDH) without biosorbents as a control blank and the 
results showed negligible contamination. 
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Table 2-1. The specific wavelengths of various metal ions for metal analysis of 
biosorbent by ICP-AES. 
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2.2.4 Degree of iV-deacetylation analysis 
A. Diffuse reflectance Fourier transform infra-red spectroscopy 
The degree of "-deacetylation (DDA) of chitin A, chitin B and chitosan was 
determined by diffuse reflectance Fourier transform infra-red (DRFT-IR) spectroscopy. 
DRFT-IR spectra of three biosorbents in the wave number region between 4,000 and 
400 cm_i were recorded using a Nicolet Magna 560 FT-IR spectrometer (Madison, USA) 
equipped with OMNIC FT-IR software Osficolet). 
Biosorbents were first ground into finely powder with mortar and pestle and 
then dried in an oven at 105°C 24 h to remove most of water in biosorbent. The oven-
dried biosorbents were mixed with anhydrous potassium bromide (Merck) in the ratio of 
1:100 (w/w) (Mikkelsen et al., 1997 and Sandula et al., 1999). The mixtures were then 
pressed into disks with flat and smooth surfaces. The spectra were all recorded at 4 cm'^  
resolution and averaged over 32 scans with dynamic background subtraction. The 
determination of DDA of biosorbents from DRFT-IR spectra was described in Section 
1.1.3C. 
B. Elemental analysis 
The elemental analysis of chitin A, chitin B and chitosan was performed by a 
Perkin Ehner 2400 CHNS/0 analyzer (Connecticut, USA). Two components, cystine 
(Perkin Elmer) and acetanilide (Perkin Elmer), were used as standards for calibration. 
The determination of degree of iV-deacetylation of biosorbents from elemental 
composition was described in Section 1.1.3C. 
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2.3 Batch biosorption experiment 
Batch Cu2+，Ni2+ and Zn^^ biosorption experiments were conducted to 
determine the metal ion removal capacity of chitin. Twenty-five mg of each freeze-dried 
biosorbents were pre-swollen with 50 mL of ultrapure water in a series of acid-washed 
plastic containers with lids (250 mL). The initial pH of solutions was adjusted to 8 using 
0.5 N HC1 or 0.5 N NaOH. The biosorbent solutions were then agitated by an orbital 
shaker running at 150 rpm and 23+2° C for 16 h before metal ion biosorption in order to 
ensure completely swelling of biosorbent. Then 5 mL of 1,100 mg/L of Cu�+ 
(CuCl2- 2H2O, RDH), Ni2+ (NiCl2- 2H2O, RDH) or Zn�+ (ZnCl2, RDH) stock solution 
was mixed with the above biosorbent solution to make the initial metal ion concentration 
to 100 mg/L. The metal ion-biosorbent mixtures were then agitated by an orbital shaker 
at 200 rpm and 23±2° C for 30 min. The samples were pipetted out and centrifuged by a 
Sanyo MicroCentaur MSE Microfuge at 13,000 rpm for 3 min. The supematants were 
collected in acid-washed vials and acidified with concentrated HC1. The residual metal 
ion concentration of the supematants was measured by a Hitachi Z8100 atomic 
absorption spectrophotometer (AAS, Tokyo, Japan). The final pH of mixtures was 
measured for each experiment. In order to determine the amount of metal ion uptake by 
the plastic container, control experiments were also performed under identical 
conditions, except that no biosorbent was present in the container. Extraneous metal ion 
adsorption was found to be negligible. 
For the atomic absorption spectrophotometric detection, a standard curve of 
^ 
absorbance versus metal ion concentration was used. A series of standard solutions of 
Oi2+ (range from 0 to 16 mg/L), N P (range from 0 to 8 mg/L) and Zn^^ (range from 0 
to 2.8 mg/L) were prepared from 1,000 mg/L spectro grade of atomic absorption 
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Standard metal ion solution (BDH, Poole, UK) by serial dilutions. The metal ion 
concentration of samples was then determined from the standard curve based on the 
absorbance value of samples. The concentrations of Cu】+，Ni�+ and Zn�+ were measured 
by atomic absorption spectrophotometer at wavelengths of 324.7，232 and 213.9 nm, 
respectively. 
2.4 Selection of biosorbent for metal ion removal 
In order to select a potential biosorbent for metal ion removal among chitin A, 
chitin B and chitosan, the ability of three biosorbents to bind Cu】+，Ni�+ and Zn�+ were 
determined under the same conditions. 
2.4.1 Effects of pretreatments of biosorbents on adsorption of Cu�+ 
A. Washing 
Batch Cu2+ adsorption was carried out to determine the Cu^^ removal capacity 
between washed and unwashed biosorbents. Biosorbents were washed with ultrapure 
water in a solid:water ratio of 1:15 (w/v) for 1 h and then collected by centrifugation at 
12,000 rpm and 4。C for 10 min. The washed biosorbents were lyophilized by a freeze-
dryer at 0 � C and a reduced pressure for 2 days. Each 0.2 g of washed and unwashed 
biosorbents was pre-swollen with 45 mL of 56 mM MES buffer (Sigma Chemicals) at 
pH 5 for 16 h in an acid-washed plastic container (250 mL). Then 5 mL of 1,000 mg/L 
of Cu2+ stock solution was added into the above biosorbent solution. The metal ion_ 
biosorbent mixtures were then agitated by an orbital shaker at 200 rpm and 23±2° C for 
30 min. The samples were pipetted out and centrifuged at 13,000 rpm for 3 min. The 
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initial and residual Cu]+ concentrations of supematants were measured by AAS at a 
wavelength of 324.7 nm. 
B. Pre-swelling 
Batch Cu2+ adsorption was conducted to determine the Cu�+ removal capacities 
between pre-swelled and untreated biosorbents. Biosorbents were first washed with 
， I 
ultrapure water and lyophilized by a freeze-dryer. The procedures for Cu adsorption by 
pre-swelled biosorbent were the same as mentioned in Section 2.3 and those by 
untreated biosorbent were similar to those in Section 2.3 except 0.2 g of freeze-dried 
biosorbent was mixed with 50 mL of 100 mg/L Cu�+ stock solution buffered at pH 5 by 
56 mM MES buffer. 
»^  
2.4.2 Comparison of Cu^ % Ni�+ and Zn!+ removal capacities among three 
biosorbents 
Batch Cu2+，Ni2+ and Zn�+ adsorption experiments were performed for 2 h using 
the same initial metal ion concentration (100 mg/L) at a constant amount of biosorbent 
(100 mg/55 mL) with different initial pH (pH 5, 6，7，8 and 9). The experimental 
procedures and conditions for metal ion biosorption are mentioned in Section 2.3. 
2.4.3 Comparison of Cu�+ removal capacity of chitins with various degrees of7V-
deacetylation 
八 
Various degrees ofiV-deacetylation (DDA) ofchitins (0，25, 50, 75 and 100 %) 
were prepared by mixing different portions of freeze-dried chitin B (0 % DDA) and 
(chitosan (98 % DDA) as indicated in Table 2-2. The batch Cu�+ adsorption experiment 
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Table 2-2. Preparation of various degrees of A^-deacetylation of chitins. 
Degree ofA^-deacetylation (%) Ratio ofbiosorbents mixed 
Chitin B : Chitosan* (w/w) 
0 1 :0 
2 5 3 : 1 
5 0 1 ： 1 
7 5 1 : 3 
100 0 : 1 
•Chitin B ~ 0 % DDA; Chitosan —98 % DDA. 
：%• 
I 
！ 4 p 
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was performed for 2 h using the same initial metal ion concentration (100 mg/L) at a 
constant amount of biosorbent (100 mg/55 mL) with initial pH 6. The experimental 
procedures and conditions for metal ion biosorption are mentioned in Section 2.3. 
2.5 Effects of physico-chemical conditions on Cu】+，M!+ and Zn�+ 
adsorption by chitin A 
2.5.1 Solution pH and concentration of biosorbent 
Batch adsorption experiments were performed as described in Section 2.3, 
except using various amounts of biosorbent, 10，25, 50, 75 and 100 mg, with different 
initial solution pH (pH 5, 6，7，8 and 9). The initial pH of biosorbent solution was 
adjusted to desirable pH by 0.5 N HC1 or 0.5 N NaOH. Then the metal ion solutions 
were contacted with the swollen biosorbent solutions by an orbital shaker at 200 rpm for 
2 h. The pH of metal ion-biosorbent mixtures was not controlled after the initiation of 
the experiments. The final pH of mixtures was recorded. 
2.5.2 Retention time 
In order to determine the equilibrium time required for the metal ion adsorption 
experiment, the batch kinetic studies were performed under the optimum conditions. The 
conditions included reaction volume and the amount of biosorbent for biosorption 
experiments were scaled up by 4 times as normal, so as to minimize the changes of the 
conditions between each sampling. One hundred mg ofbiosorbent was pre-swollen with 
200 mL ofultrapure water at initial pH 8 for 16 h. Then 20 mL of 1,100 mg/L of metal 
ion solution was mixed with the biosorbent solution to make the initial metal ion 
concentration of 100 mg/L. The mixtures were agitated by an orbital shaker at 200 rpm. 
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Samples of 1 mL solution were withdrawn at 1，3，5,10，20, 30, 60，90 and 120 min time 
intervals, and the biosorbent was removed immediately by centrifugation. 
2.5.3 Initial metal ion concentration 
Batch isotherm studies were investigated at the optimum conditions determined 
in Sections 2.5.1 and 2.5.2. The adsorption experiments were performed using a constant 
amount ofbiosorbent solution (25 mg/55 mL) with initial pH 8 at different initial metal 
ion concentrations. Different ranges of initial metal ion concentration were selected for 
different metal ions based on the characteristics of plating wastewater discharged from 
sixteen local electroplating factories mentioned in Environmental Management Division 
(1986). For Cu!+, 10, 20, 30，40，60，100 and 150 mg/L, Ni】+，10，30，60，100，150 and 
200 mgyT^ ，and Zn】+，20，30，40，60，100，150, 200 and 250 mg/L of initial concentrations 
were studied. Biosorption over the range of initial metal ion concentrations was not 
carried out to avoid any possible interference from metal ion precipitation. 
2.5.4 Presence of other cations 
2+ 2+ 21 
The effects of the mean concentrations of cations (Cu，Ni and Zn ) on 
metal ion adsorption by chitin A were determined. The mean concentrations of cations 
(Table 2-3) were chosen based on the characteristics of plating wastewater discharged 
from sixteen local electroplating factories mentioned in Environmental Management 
Division (1986). The batch adsorption experiments were performed under the optimum 
r 
conditions as aforementioned in Section 2.3, except mixed with 5 mL of known 
concentrations of binary or temary metal ion mixtures. The metal ion adsorption by 
chitin A from single metal ion solution was also conducted as control. 
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Table 2-3. Mean concentrations of cations in electroplating effluent (Environmental 
Management Division, 1986). 
Cation Concentration of cation (mg/L) 
Cu2+ 4 
N P 41 
^i2+ 18 
I 
i I 4 . ' ^ Ji 
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2.5.5 Presence of anions 
The effects of mean concentrations of anions on metal ion adsorption by chitin 
A was examined. Three anions, chloride (KC1, RDH), sulfate (K2SO4, RDH) and 
dichromate (K2Cr2O7, Ajax, Aubum, Australia), which are commonly found in the 
electroplating effluent, were studied. The mean concentrations of anions (Table 2-4) 
were chosen based on the characteristics of plating wastewater discharged from sixteen 
local electroplating factories in Environmental Management Division (1986) and the 
conditions studied by Fung (1994) and Sze (1996). The batch adsorption experiments 
were performed under the optimum conditions as aforementioned in Section 2.3, except 
mixed with 5 mL ofknown concentrations of metal ion mixtures. 
Since the actual concentrations of Cu^^ and Ni�+ measured by atomic absorption 
^ 
spectrophotometry were influenced by the presence of SO4 ", an additional treatment 
was necessary to perform in order to get rid of the interference before measurement. The 
batch Cu2+ and Ni�+ adsorption experiments were conducted as the same in Section 2.3. 
After adsorption, metal ion-laden biosorbent was collected by vacuum filtration through 
a membrane filter (0.45^m, Millipore, Bedford, UK). Filtrate was then mixed with 0.5 g 
cationic ion exchange resin (Amberlite IR-120 (H), Supelco, Bellefonte, USA) by an 
orbital shaker at 200 rpm. After 30 min, metal ion-laden resin was collected by filtration 
and then contacted with 50 mL of 2 M HC1 at 200 rpm for another 30 min. Finally, the 
metal ion concentration of samples, which were free of S04^", were measured by AAS. 
Control experiments for Cu!+ and Ni!+ adsorption in the absence of SO4 '^ were also 
carried out so as to check the effectiveness of cationic ion exchange resin. 
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Table 2-4. Mean concentrations of anions in electroplating effluent (Environmental 
ManagementDivision, 1986; Fung, 1994; Sze, 1996). 
Anion Concentration of anion (mg/L) 
cr 60 
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2.6 Optimization of Cu!+，Ni�+ and Zn�+ removal efficiencies 
Removal efficiency was defined as the percentage of mg metal ion removed per 
mg metal ion added. In order to examine the metal ion removal efficiency of chitin A 
towards Cu】+，Ni:+ and Zn】+，various amounts ofbiosorbent were used in this study. For 
Cu2+，10，25, 50，75，100，150 and 200 mg, N P , 10，25, 50，75, 100，150, 200，400，800 
and 1600 mg and Zn]+，10，25, 50, 75, 100, 200 and 400 mg ofbiosorbent were used for 
adsorption. The batch adsorption experiments were carried out under the optimum 
conditions as aforementioned in Section 2.3. 
2.7 Recovery of Cu】+，Ni�+ and Zn�+ from metal ion-laden chitin A 
»  2.7.1 Performances of various eluents on metal ion recovery 
In order to recover the adsorbed metal ions from chitin A effectively, various 
eluents were examined. They included 0.1 M citric acid (CsHsO?, RDH) with pH 1.0 
and pH 3.7, 0.1 M ethylenediaminetetraacetic acid (EDTA, BDH) with pH 3.7, 0.1 M 
hydrochloric acid (HC1, Univar) with pH 1.0 and 3.7, 0.1 M nitric acid (HNO3, RDH) 
with pH 1.0，0.1 M sulfuric acid (H2SO4, RDH) with pH 1.0 and 0.1 M thiourea 
(CH4N2S, Sigma Chemicals) with pH 1.0 and 3.7. 
The adsorption experiments were performed under the same conditions 
mentioned in Section 2.3. After adsorption, metal ion-laden chitin A was collected by 
vacuum filtration through a membrane filter (0.45^m, Millipore). Fifty mL of each 
\ tested eluents was then added into the metal ion-laden chitin A for metal ion desorption. 
The mixtures were agitated by an orbital shaker at 200 rpm and 23土20 C for 30 min. The 
samples were pipetted out and centrifuged at 13,000 rpm for 3 min. The supematants of 
Cu2+ and Zn�+ were then analyzed for metal ion concentrations by AAS, while those of 
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Ni2+ were analyzed by ICP-AES to avoid any chemical interferences caused by various 
eluents. 
2.7.2 Multiple adsorption and desorption cycles of metal ions 
Batch type multiple adsorption and desorption cycles of metal ions by chitin A 
were determined. Based on the results of metal ion recovery from metal ion-laden chitin 
A, 0.1 M EDTA, which is one of the best eluent among the tested eluents, was employed 
for multiple adsorption and desorption cycles. The procedures of adsorption and 
desorption experiments were performed as aforementioned in Section 2.7.1. After 
desorption, the biosorbent was collected by filtration and neutralized by ultrapure water. 
The biosorbent was then resuspended in 50 mL of ultrapure water and the initial pH of 
solutions was adjusted to 8，9 andlO by 0.5 N HC1 or 0.5 N NaOH before another 
adsorption cycle. The adsorption and desorption cycles were repeated for 3 times under 
the same conditions. 
2.8 Treatment of electroplating effluent by chitin A 
2.8.1 Removal and recovery of Cu】+，Ni�+ and Zn�+ from electroplating effluent 
collected from rinsing baths 
The electroplating effluent of Cu�+，Ni�+ and Zn:+ were collected separately 
from the Cu】+，Ni^^ and Zn]+ rinsing baths, respectively, in two local electroplating 
factories. Effluent were first filtered by membrane filter in order to remove any 
precipitates or particles. Then the effluent, which were collected twice from two 
I 
factories on two different dates, were mixed individually. The concentration ofmetal ion 
bearing effluent were diluted by ultrapure water to 500 mg/L. The pH of diluted effluent 
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were adjusted to pH 5 by 0.5 N HC1 or 0.5 N NaOH and then filtered again by 
membrane filter. The properties of the electroplating effluent, such as pH, concentrations 
of cations and anions, were determined by standard methods. The pH of effluent was 
measured by a pH meter (Orion EA940, Boston, USA) while the concentration of 
cations and anions of effluent were measured by an ICP-AES and an ion 
chromatography system (Dionex DX-500, California, USA), respectively. 
The adsorption experiments were performed by contacting 11 mL of diluted 
effluent (500 mg/L) with 44 mL of biosorbent solution (25 mg) to make the initial 
concentration of metal ion to 100 mg/L. One adsorption and desorption cycle was 
conducted under the optimum conditions same as those described in Section 2.7.1， 
except using 0.1 M ofH2SO4 (pU 1) as eluent for Cu�+ and Ni�+ and 0.1 M ofHCl (pH 
1) as eluent for Zn^ .^ The initial and residual concentrations of metal ion were measured 
by an ICP-AES to avoid any possible interferences caused by the components of the 
electroplating effluent. Similar experiments of Cu】+，Ni�+ and Zn�+ were carried out 
using artificial effluent, which contained the same amounts of cations and anions as the 
electroplating effluent, instead of electroplating effluent as control. 
2.8.2 Removal and recovery of Cu】+，Ni!+ and Zn�+ from electroplating effluent 
collected from final collecting tank 
2 j 2+ 21 
The electroplating effluent, which contained C u，N i and Zn 
simultaneously, was collected from the final collecting tank in a local electroplating 
factory. Effluent were first filtered by membrane filter in order to remove any 
precipitates or particles. The pH ofeffluent was adjusted to pH 5 by 2 N NaOH and then 
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pH, concentrations of cations and anions, were determined by standard methods as 
described in Section 2.8.1. 
The adsorption experiment was conducted by adding 25 mg of biosorbent into 
55 mL of electroplating effluent contained in a plastic container. One adsorption and 
desorption cycle was conducted under the optimum conditions same as those described 
in Section 2.7.1, except using 0.1 M ofH2SO4 (pH 1) as eluent. The initial and residual 
concentrations of metal ion were measured by an ICP-AES to avoid any possible 
interferences caused by the components of the electroplating effluent. Similar 
experiment was carried out using artificial effluent, which contained the same amounts 
of cations and anions as the electroplating effluent, instead of electroplating effluent as 
control. 
1 
2.9 Data analysis 
For all the adsorption experiments, the metal ion adsorbed by biosorbent was 
calculated as follows, 
q , = V ( C , - C J / W 
where qe is the amount of metal ion adsorbed per unit dry weight of biosorbent at 
concentration Ce (mg metal ion/g biosorbent or mmol metal ion/g biosorbent), V is the 
volume of metal ion solution (L), C � i s the initial concentration of metal ion in solution 
(mg/L or mmol/L)，Ce is the equilibrium concentration of metal ion in solution (mgy^ or 
mmoVL) and W is the dry weight ofbiosorbent (g). 
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For the equilibrium adsorption isotherm study, the adsorption data were 
analyzed by the Langmuir and Freundlich adsorption isotherms. Two adsorption 
isotherms were described in Section 1.5. 
For the desorption experiments, the amount of metal ions eluted from metal 
ion-laden biosorbent could be calculated directly from the amount of metal ions 
desorbed into the eluent solution as follows, 
qdes=CdesV/W 
where qdes is the amount of metal ion desorbed per unit dry weight of biosorbent (mg 
metal ion/g biosorbent or mmol metal ion/g biosorbent) and Cdes is the concentration of 
metal ion in the eluent solution after desorption (mg/L or mmoLl.). 
All experiments were carried out in triplicate except Section 2.7.2 (multiple 
^ t ^ 1 
adsorption and desorption cycles of Ni and Zn )，no replicate was performed. Data 
were analyzed statistically by oneway ANOVA with P < 0.05 followed by multiple 
comparison test (Tukey test) with a computer package of SigmaStat (Version 2.0, Jandel 




3.1 Characterization of biosorbents 
3.1.1 Chitin assay 
The chitin contents of two biosorbents, chitin A and chitin B, were shown in 
Table 3-1. Results indicate that the chitin content of chitin B was greater than that of 
chitinA(Table 3-1). 
3.1.2 Protein assay 
The protein contents of three biosorbents, chitin A, chitin B and chitosan, are 
summarized in Table 3-2. It is clearly that chitin A had the highest content of protein 
‘ followed by chitin B and chitosan (Table 3-2). 
3.1.3 Metal analysis 
An analysis for metal ion contents on chitin A, chitin B and chitosan was 
undertaken. Table 3-3 lists on the concentrations of 15 common metal ions in chitins and 
chitosan. Generally, the amount of metal ions contained in chitin A was the highest 
followed by chitin B and chitosan, except that ofB�+，Cr^ VCr^ ^ and Ni�+ (Table 3-3). All 
of the three biosorbents exhibited exceptionally high amounts of Ca^ ,^ Na+，Fe^ /^Fe^ ^ 
and Mg2+ and significant amounts ofBa】+，Cu�+, Mn!+ and Zn!+ (Table 3-3). However, 
only limited amounts of As^ +，Cd】+，Co^+ and Pb^^ were present in chitin A and chitin B 
(Table 3-3). And even no As]+，Cd]+ and Pb�+ were detected from chitosan (Table 3-3). 
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Table 3-1. Chitin contents of chitin A and chitin B. 
Biosorbent Chitin content (%)* 
ChitinA 59.5i0.9b 
Chitin B 93.1土0.7& 
*Means oftriplicates with same superscript are statistically identical (student's t-test). 
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Table 3-2. Protein contents of chitin A, chitin B and chitosan. 
Biosorbent Protein content (%)* 
Chitin A 4.9 土 0.0& 
ChitinB 0.5±0.0b 
Chitosan 0.2 土 0.0� 
*Means of triplicates with same superscript are statistically identical (student's t-test). 
60 
3. Results 
Table 3-3. Metal content of chitin A，chitin B and chitosan. 
Metal ion Weight of metal/ biosorbent (^g/g)* 
Chitin A Chitin B Chitosan 
” A ^ 17.2 + 0.2 0.9 士 0.7 ND** 
Ba2+ 26.1士0.6 9.4士0.1 1.8±0.2 
B^+ 33.5土12.1 57.5士31.3 1.1±1.5 
Cd2+ 3.0土0.4 0.2土0.1 ND 
Ca2+ 10694±0 10707i l5 2656±88 
Cr3+/Cr6+ 1 1 . 9土 1 . 9 1 9 . 1土 1.3 27.3 土 1 . 4 
0 ) 2 + 1 . 1士 0 . 1 0 . 2土 0 . 2 0 . 7 ± 0 . 2 
Cu2+ 54.5土0.9 9.2士0.9 3 .4±1.6 
Fe2+/Fe3+ 4 3 8 . 6 土 2 0 . 9 3 3 1 . 2 士 16.8 3 1 5 . 4 土 4 1 . 7 
Pb2+ 8.3士3.9 0.2土0.4 ND 
Mg2+ 119.6士2.3 118.2±0.1 89.5士4.7 
Mn2+ 18.7土0.8 6 .9±0.3 3.8士0.3 
Na+ 1787土58 394.5土17.2 127.7士3.9 
N P 4.7士1.6 8.4±0.9 3.8±0.4 
Zn2+ 68.6土11.3 16.9土2.6 9.4土4.4 
*Mean and standard deviation of triplicates are shown. 
**ND = Not detectable (detection limit: 20 ^g/L for As�+; 2 ^g/L for Cd]+; 25 i^g/L for Pb^^. 
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3.1.4 Degree ofiV-deacetylation analysis 
A. Diffuse reflectance Fourier transform infra-red spectroscopy 
Diffuse reflectance Fourier transform infra-red (DRFT-IR) spectroscopy has 
been used to determine the degree of A^-deacetylation of chitin A, chitin B and chitosan. 
Three amide bands located at 1655 (amide I)，1550 (amide II) and 1310 cm] (amide III), 
which are the characteristics of chitin, are obviously observed in the DRFT-IR spectra of 
chitin A and chitin B (Fig. 3-1). Nevertheless, only weak characteristic bands are shown 
in the DRFT-IR spectrum ofchitosan (Fig. 3-1). 
The degree of A^-deacetylation of chitin A, chitin B and chitosan, which was 
determined from the DRFT-IR spectra in the present study (Fig. 3-1) and by 
International Chitin Production Inc. (ICPI), are summarized in Table 3-4. The degree of 
磁 
iV-deacetylation of chitin B determined from DRFT-IR spectra showed good agreement 
with that determined by ICPI (Table 3-4). However, a poor agreement of the degree of 
iV-deacetylation of chitosan was resulted (Table 3-4). 
B. Elemental analysis 
Results ofthe elemental analysis of chitin A, chitin B and chitosan are shown 
in Table 3-5. It is clearly that all three biosorbents bore different compositions of carbon, 
hydrogen and nitrogen (Table 3-5). Basically, the degree of A^-deacetylation of 
biosorbent was evaluated according to its nitrogen content. Referring to the statistical 
analysis, chitosan had a higher nitrogen content than chitin A and chitin B, from which 
theirs degree of A^-deacetylation could be determined (Table 3-6). 
Table 3-6 summarized the degree of AT-deacetylation of chitin B and chitosan 





























































































































































































































































































Table 3-4. Comparison of the degree of AT-deacetylation of chitin A, chitin B and 
chitosan determined by DRFT-IR spectroscopy in the present study and by International 
Chitin Production Inc. 
Measurement Degree of iV-deacetylation (%) 
Chitin A Chitin B Chitosan 
DRFT-IR spectroscopy 0 0 8 
ICPI* ND** 0 98 
*The data for the degree of iV-deacetylation of chitins is given by International Chitin Production 
Inc. (ICPI). **ND = Not determined. 
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Table 3-5. Elemental analysis of chitin A, chitin B and chitosan. 
Composition* Biosorbent Carbon (%) Hydrogen (%) Nitrogen (%) 
ChitinA 33.4i0.9b 5 .5±0.0� 7.2±0.2b 
ChitinB 43.2±0.1& 7 j i 0 j b 7.0±0.0b 
Chitosan 43.7i0.1& 10.5±0.1& 8.5iO.O& 
*Means of triplicates with the same superscript in same column are statistically identical 
(ANOVA, Tukey, p < 0.05). 
65 
3. Results 
Table 3-6. Comparison of the degree of iV-deacetylation of chitin B and chitosan 
determined by elemental analysis in the present study and International Chitin 
Production Inc. 
Measurement Degree of A^-deacetylation (%) 
Chitin B Chitosan 
Elemental analysis* 8.6 土 1 1 91.1 土 0.0 
ICPI** 0 98 
*Mean and standard deviation of triplicates are shown. 





Production Inc. The degree of A^-deacetylation of chitin B determined from its nitrogen 
content showed fair agreement with that from DRFT-IR spectrum and by ICPI, whereas 
that ofchitosan determined from its nitrogen content agreed well with that given by ICPI 
than determined from DRFT-IR spectrum (Tables 3-4 and 3-6). 
3.2 Selection of biosorbent for metal ion removal 
3.2.1 Effects of pretreatments of biosorbents on adsorption of Cu�+ 
A. Washing 
The effects ofultrapure water washing ofbiosorbents on Cu�+ adsorption were 
examined. Results indicate that there was no statistically difference in the Cu^^ removal 
capacities (RCs) between the washed and unwashed chitin B and chitosan (Table 3-7). 
However, the Cu:+ RC of washed chitin A was 32% greater than that of unwashed one 
(Table 3-7). 
B. Pre-swelling 
The effects of pre-swelling of biosorbents on Cu^^ adsorption were 
investigated. No statistically difference in the Cu!+ RC was resulted between the pre-
swelled and untreated chitin A and chitosan (Table 3-8). However, the Cu�+ RC ofpre-
swelled chitin B was 42% greater than that of untreated one (Table 3-8). 
3.2.2 Comparison of Cu】+，Ni^ ^ and Zn�+ removal capacities among three 
biosorbents 
The metal ion RCs of chitin A, chitin B and chitosan were determined under 
the same experimental conditions. Among three biosorbents, chitin A obviously had the 
67 
3. Results 
Table 3-7. Comparison of cV+ removal capacities between washed and unwashed 
biosorbents. 
A, Biosorbent RC (mg Cu /g biosorbent)* 
Unwashed biosorbent Washed biosorbent 
ChitinA 14.8±0.lb 21.6土0.0& 
Chitin B 15.2±0.1& 15.7土0.2& 
Chitosan 12.0±0.1& 11.7士0.1& 
*The experimental conditions: Initial pH = 6, biosorbent concentration = 0.2 g/50 mL MES 
buffer, Co = 100 mg/L, retention time = 30 min, and temperature = 23 土 2°C. Means of 




Table 3-8. Comparison of Cu^^ removal capacities between pre-swelled and untreated 
biosorbents. 
A , Biosorbent RC (mg Cu /g biosorbent)* 
Untreated biosorbent Pre-swelled biosorbent 
Chitin A 15.0土0.3& 14.0±0.1& 
Chitin B 8.9±0.lb 15.2±0.ia 
Chitosan 11.5士0.1& 12.0±0.1& 
*The experimental conditions: Initial pH = 6, biosorbent concentration = 0.2 g/50 mL MES 
buffer, Co = 100 mg/L, retention time = 30 min, and temperature = 23 土 2°C. Means of 




highest RC for Cu】+，Ni�+ and Zn�+ (Figs. 3-2，3-3 and 3-4). The RCs ofchitin A, chitin 
B and chitosan for Cu�+ at equilibrium pH 5.5 were 39, 9 and 16 mg/g, respectively (Fig. 
3-2). For Ni2+ at equilibrium pH 7.2 were 10，6 and 9 mg/g, respectively (Fig. 3-3)， 
while those for Zn�+ at equilibrium pH 6.1 were 30，7 and 1 mgy^ g, respectively (Fig. 3-
4). 
^ i / ^ i 
In general, the descending order of metal ion RC for both Cu and Ni 
adsorption was chitin A > chitosan > chitin B, while that for Zn�+ adsorption was chitin 
A > chitin B > chitosan. 
3.2.3 Comparison of Cu!+ removal capacities of chitins with various degrees of 
7V-deacetylation 
The Cu2+ RC of chitins with various degree of AT-deacetylation were given in 
Fig. 3-5. The results demonstrate that Cu�+ RC increased significantly with increasing 
the degree ofiV-deacetylation of chitin from 0 to 50% (Fig. 3-5). However, there is no 
statistically difference between the Cu!+ RCs of chitins having degree of iV-deacetylation 
over 50% (Fig. 3-5). 
3.3 Effects of physico-chemical conditions on Cu】+，Ni!+ and Zn�+ 
adsorption by chitin A 
3.3.1 Solution pH and concentration of biosorbent 
It is proved that the metal ion RC of chitin A is strongly affected by the 
solution pH and the concentration ofbiosorbent. Figs. 3-6，3-7 and 3-8 show the effects 
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Figure 3-2. The Cu removal capacities of chitin A，chitin B and chitosan. The 
experimental conditions: Initial pH = 5, 6, 7，8 and 9, concentration of biosorbent 
=100 mg/55 mL, initial concentration of Cu�+ = 100 mgfL, retention time = 2 h 
and temperature = 23±2°C. Means with the same color and letter are statistically 
identical (ANOVA, Tukey，p < 0.05) and the error bars represent the standard 
deviations of triplicates. *Precipitation was observed [RC of Cu�+ = (amount of 
metal ion removed - amount of metal ion precipitated)/ dry weight ofbiosorbent]. 
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Figure 3-3. The Ni�+ removal capacities of chitin A, chitin B and chitosan. The 
experimental conditions: Initial pH = 5, 6, 7, 8 and 9, concentration ofbiosorbent 
=100 mg/55 mL, initial concentration ofNi]+ = 100 mg/L, retention time = 2 h 
and temperature = 23+2°C. Means with the same color and letter are statistically 
identical (ANOVA, Tukey, p < 0.05) and the error bars represent the standard 
deviations of triplicates. *Precipitation was observed [RC of Ni�+ = (amount of 
metal ion removed - amount of metal ion precipitated)/ dry weight ofbiosorbent]. 
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Figure 3-4. The Zn!+ removal capacities of chitin A, chitin B and chitosan. The 
experimental conditions: Initial pH = 5, 6，7, 8 and 9，concentration ofbiosorbent = 
100 mg/55 mL, initial concentration of Zn�+ = 100 mg/L, retention time = 2 h and 
temperature = 23±2°C. Means with the same color and letter are statistically 
» identical (ANOVA, Tukey, p < 0.05) and the error bars represent the standard 
deviations of triplicates. *Precipitation was observed [RC of Zn�+ = (amount of 
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Figure 3-5. Effects of degree of iV-deacetylation of chitin on Cu adsorption. The 
experimental conditions: Initial pH = 6，concentration of biosorbent = 100 mg/55 
mL, initial concentration of Cu�+ = 100 mg/L, retention time = 2 h and temperature = 
23+2° C. Chitin B: 0% DDA, chitosan: 100% DDA. Means with the same letter are 
statistically identical (ANOVA, Tukey, p < 0.05) and the error bars represent the 
standard deviations of triplicates. 
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Figure 3-6. Effects of pH and amount of biosorbent on Cu]+ adsorption by chitin A. 
/ X | The experimental conditions: Initial concentration of Cu = 100 mg/L, reaction 
volume = 55 mL, retention time = 2 h and temperature = 23±2°C. Experiments were 
carried out in triplicates. 
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Figure 3-7. Effects of pH and amount ofbiosorbent on Ni�+ adsorption by chitin A. 
The experimental conditions: Initial concentration of Ni:+ = 100 mg/L, reaction 
volume = 55 mL, retention time = 2 h and temperature = 23±2°C. Experiments were 
carried out in triplicates. 
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/%, Figure 3-8. Effects of pH and amount of biosorbent on Zn adsorption by chitin A. 
The experimental conditions: Initial concentration of Zn�+ = 100 mg/L, reaction 
volume 二 55 mL, retention time = 2 h and temperature = 23±2°C. Experiments were 
carried out in triplicates. 
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For Cu2+ and Zn�+ adsorption, the metal ion RC increased sharply with 
increasing initial pH from 5 to 8 at all the concentrations ofbiosorbent studied (Figs. 3-6 
and 3-8). At the pH value below 5, little or no biosorption of metal ions was observed in 
the preliminary studies (data not shown here). Beyond the initial pH value of 8，there 
was a reduction in metal ion RC (Figs. 3-6 and 3-8). 
For Ni2+ adsorption, a narrow working pH range was resulted (Fig. 3-7). There 
was little or no biosorption of metal ions observed below the initial pH value of 7 and 
the biosorbent to solution ratio of 75 mg/55 mL (Fig. 3-7). The Ni�+ RC increased with 
increasing initial pH from 7 to 8, but further increases above pH 8 led to a reduction in 
Ni2+ RC (Fig. 3-7). 
The optimum initial pH and concentration of biosorbent for both adsorption of 
Cu2+ and Zn�+ by chitin A were determined to be 8 and 25 mgy^ 55 mL (Figs. 3-6 and 3-
8), while those for the adsorption ofNi�+ were determined to be 8 and 10 mg/55 mL 
(Fig. 3-7). 
3.3.2 Retention time 
Single metal ion adsorption was carried out for two hours in order to determine 
the effect of retention time on metal ion adsorption. Fig. 3-9 shown the kinetic profiles 
of Cu2+，Ni2+ and Zn�+ adsorption by chitin A. As seen from the kinetic profiles, the 
residual concentration of metal ion in solution decreased dramatically within the first 
few minutes (Fig. 3-9). There was about 80, 20 and 65% of the total uptake for Cu】+， 
Ni2+ and Zn]+，respectively, occurred after 1 min interaction with the biosorbent (Fig. 3-
9). After the rapid initial uptake, the residual concentration of metal ion in solution 
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Figure 3-9. Effects of retention time on Cu�+，N?^ and Zn:+ adsorptions by chitin 
A. The experimental conditions: Initial pH = 8, concentration ofbiosorbent = 100 
mg/220 mL, initial concentration of Cu�+’ Ni:+ and Zn!+ = 100 mg/L and 
temperature = 23±2°C. Means with the same color and letter are statistically 
identical (ANOVA, Tukey, p < 0.05) and the error bars represent the standard 
deviations of triplicates. 
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3. Results 
The common optimum conditions (initial pH of the biosorbent solution, 
concentration of biosorbent and retention time) for Cu!+，Ni!+ &nd Zn�+ removal by 
chitin A were obtained (Table 3-9). 
3.3.3 Initial metal ion concentration 
The equilibrium adsorption isotherms of Cu�+, Ni�+ and Zn�+ by chitin A are 
shown in Figs. 3-10，3-11 and 3-12, respectively. It appears that the metal ion uptake 
capacity was obviously influenced by the initial concentrations of metal ion (Figs. 3-10， 
3-11 and 3-12). The metal ion RC increased steeply at low metal ion concentrations, 
particularly for Cu]+ and Zn]+，and eventually reached a plateau as the metal ion 
concentrations increased (Figs. 3-10, and 3-12). On the contrary, the shape of 
^ 1 ^ I < ^ I 
equilibrium isotherm for Ni was quite different from that observed for Cu and Zn 
(Figs. 3-10, 3-11 and 3-12). The Ni�+ isotherm increased slowly with increasing the 
initial concentrations ofNi�+ and a plateau could not reach within the concentrations of 
metal ion studied (10 — 200 mg/L) (Fig. 3-11). 
Two commonly used monolayer adsorption models, Langmuir and Freundlich 
adsorption isotherms, are employed to describe the metal ion adsorption phenomenon of 
chitin A. The Langmuir and Freundlich constants obtained from linearized plots are 
given in Table 3-10. It is clearly that based on the correlation coefficients, the adsorption 
equilibrium data for Cu:+ and Zn:+ fitted Langmuir isotherm (Figs. 3-13 and 3-17) better 
than Freundlich isotherm (Figs. 3-14 and 3-18), while that for Ni]+ followed Freundlich 
isotherm better (Fig. 3-16). By comparison of the adsorption constants, both of the 
/ > * i 
adsorption capacity (qmax and k) and affinity (b and n) of chitin A for Cu was the 
highest, followed by Zn]+ and Ni]+ (Table 3-10). 
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Table 3-9. The common optimum conditions for Cu:+，Ni:+ and Zn:+ adsorption by chitin 
A. 
Parameter Optimum condition 
Initial pH of biosorbent solution 8 
Concentration ofbiosorbent 25 mgy^ 55 mL 
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Figure 3-10. Equilibrium isotherm of Cu:+ adsorption by chitin A. The 
experimental conditions: Initial pH = 8，concentration of biosorbent = 25 mg/55 
mL, retention time = 30 min and temperature = 23±2° C. Means with the same 
letter are statistically identical (ANOVA, Tukey, p < 0.05) and the error bars 
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Figure 3-11. Equilibrium isotherm of Ni:+ adsorption by chitin A. The 
experimental conditions: Initial pH = 8，concentration of biosorbent = 25 mg/55 
mL, retention time = 30 min and temperature = 23±2° C. Means with the same 
letter are statistically identical (ANOVA, Tukey, p < 0.05) and the error bars 
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Figure 3-12. Equilibrium isotherm of Zn]+ adsorption by chitin A. The 
experimental conditions: Initial pH = 8，concentration of biosorbent = 25 mg/55 
mL, retention time = 30 min and temperature = 23±2° C. Means with the same 
letter are statistically identical (ANOVA, Tukey, p < 0.05) and the error bars 
represent the standard deviations of triplicates. 
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Figure 3 _ 15 • Langmuir isotherm of Ni�+ adsorption by chitin A. 
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Table 3-10. Langmuir and Freundlich isotherm constants and correlation coefficients for 
adsorption ofCu^^ Ni:+ and Zn:+ by chitin A. 
Metal Langmuir Isotherm FreundUch Isotherm 
W b ？ k n ？ 
(mmoVg) (L/mmol) 
Cu2+ 1.02 793.74 0.99 ND* ND 0.46 
Ni2+ 0.32 0.65 0.86 0.14 1.75 0.98 
Zn2+ 0.80 7.04 0.99 0.66 7.88 0.93 
•ND = Not determined (n and k were not determined because the Cu^ ^ adsorption was not fitted 







^ _ ^ I ^ 1 1 I Table 3-11. Adsorption capacities for Cu，Ni and Zn of various adsorbents. 
Metal Adsorbent type Adsorbent class qmax (mmol/g) Reference 
Cu2+ Candida tropicalis Yeast 1.26 Mattuschka et al, 1993 
DOWEX 50X8-200 Synthetic resin 1.04 Sing and Yu, 1998 
Chitin A Biopolymer 1.02 This study 
Ulva sp. 2 Seaweed 0.82 Lau, 2000 
Cymodocea nodosa Brown alga 0.81 Sanchez et al., 1999 
Chlorella vulgaris Green alga 0.55 Aksu et al., 1999 
Zoogloea ramigera Bacterium 0.52 Sag and Kutsal, 1995 
Red mud Mud 0.31 Lopez et al., 1998 
Pseudomonas aeruginosa Bacterium 0.29 Chang et al.，1997 
Chitosan Biopolymer 0.26 Huang et aL, 1996 
Amaranthus spinosus Plant root tissue 0.21 Chen et aL, 1996 
Aspergillus niger Fungus 0.10 Kapoore^a/., 1999 
Granular activated carbon, Activated carbon 0.03 Muraleedharan et al., 
F-400 1995 
Ni2+ Zoogloea ramigera Bacterium 0.79 Sag and Kutsal, 1995 
Ulva sp. 2 Seaweed 0.48 Lau, 2000 
Rhizopus sp. 0101 Fungus 0.38 Mogollon et al., 1998 
Chitin A Biopolymer 0.32 This study 
Red mud Mud 0.19 Lopez et al., 1998 
Chlorella miniata Green alga 0.05 Wong et al., 2000 
Chitosan Biopolymer 0.04 Huang et al., 1996 
Aspergillus niger Fungus 0.02 Kapoor et al., 1999 
Zn2+ Chitin A Biopolymer 0.80 This study 
Ulva sp. 2 Seaweed 0.76 Lau, 2000 
Cymodocea nodosa Brown alga 0.68 Sanchez et al., 1999 
Saccharomyces cerevisiae Yeast 0.2-0.6 Volesky and May-
Phillips, 1995 
Streptomyces rimosus Bacterium 0.46 Mameri et al., 1999 




Rhizopus arrhizus Fungus 0.21 Zhou, 1999 
Mucor racemosus Fungus 0.20 Zhou, 1999 
Red mud Mud 0.19 Lopeze/^z/., 1998 
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3.3.4 Presence of other cations 
The effects of individual and combination of other cations on Cu】+，Ni�+ and 
Zn2+ adsorption by chitin A were examined. Results demonstrate that the RCs of Cu�+ 
and Ni2+ of chitin A were not affected by the presence of other cations at the 
concentration studied (Figs. 3-19 and 3-20). Conversely, the presence of competing 
cations, Cu:+ (4 mgy^ L) and Ni�+ (41 mg/L), individually and in combination caused a 
significant reduction of Zn�+ RC of chitin A in the systems (Fig. 3-21). 
Tables 3-12, 3-13 and 3-14 summarized the RCs of target metal ion and 
competing ion on the Cu^ ,^ Ni^ ^ and Zn�+ adsorption by chitin A. It is obvious that for 
/ % i 
Cu adsorption, the competing ions were not adsorbed by chitin A in the presence of 
high concentration of target metal ion, Cu�+ (Table. 3-12). However, for Ni�+ and Zn!. 
adsorption, the competing ions were adsorbed in various degrees by chitin A even in the 
^ 1 _ _ « o ^ _ _ _ _ _ 
presence of high concentration of target metal ion, Ni (Table 3-13) or Zn (Table 3-
14). 
3.3.5 Presence of anions 
f \ I 
Results of anion competition on adsorption of Cu】+，Ni�+ and Zn�+ by chitin A 
j 
are shown in Figs. 3-22, 3-24 and 3-25, respectively. Three anions, C1", Cr207^" and 
SO42-，which are commonly encountered in electroplating effluent streams, are of 
/ ^ I interest. For Cu adsorption, the RC of chitin A was not affected by the presence of 
/ y 
mean concentrations of C1" (60 mg/L) or Cr2O7 • (30 mg/L) individually (Fig. 3-22). 
Conversely, the presence of SO4^ " (163 mg/L) alone or C1' (60 mg/L), CraOy^ " (30 mg/L) 
and SO42- (163 mg/L) in combination enhanced the Cu]+ RC of chitin A by 17 and 11%, 





I ^ ^ Cu2+ (100 mg/L) + Ni?+ (41 mg/L) 
^ ^ Cu2+ (100 mg/L) + Zn^^ (18 mg/L) 
^ ^ Cu2+ (100 mg/L) + Ni^ + (41 mg/L) + Zn:+ (18 mg/L) 
100 1 ~ l 
8 0 -
m 
«_•_ ’ � Figure 3-19. Effects of individual and combination of other cations on Cu 
adsorption by chitin A. The experimental conditions: Initial pH = 8，concentration 
of biosorbent = 25 mg/55 mL, initial concentration of Cu!+ = 100 mg/L, retention 
time = 30 min and temperature = 23±2° C. Means with the same letter are 
statistically identical (ANOVA, Tukey, p < 0.05) and the error bars represent the 
standard deviations of triplicates. 
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I 1 Nj2+(100mg/L) 
V7777A Ni2+(100mg/L) + Cu2+(4mg/L) 
^ ^ Nj2+ (100 mg/L) + Zn^" (18 mg/L) 














o l _ _ r n — M m 
Figure 3-20. Effects of individual and combination of other cations on Ni�+ 
adsorption by chitin A. The experimental conditions: Initial pH = 8，concentration 
of biosorbent = 25 mg/55 mL, initial concentration ofNi:+ = 100 mgfL, retention 
time = 30 min and temperature = 23±2° C. Means with the same letter are 
statistically identical (ANOVA, Tukey, p < 0.05) and the error bars represent the 
standard deviations of triplicates. 
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i i I 
I 
1 = ] Zn2+(100mg/L) 
^ ^ Zn2+ (100 mg/L) + Cu?+ (4 mg/L) 
^ ^ Zn2+ (100 mg/L) + Ni 2+ (41 mg/L) 
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Figure 3-21. Effects of individual and combination of other cations on Zn 
adsorption by chitin A. The experimental conditions: Initial pH = 8, concentration �. of biosorbent = 25 mg/55 mL, initial concentration of Zn�+ = 100 mg/L, retention 
time = 30 min and temperature = 23±2° C. Means with the same letter are 
statistically identical (ANOVA, Tukey, p < 0.05) and the error bars represent the 




Table 3-12. Effects of individual and combination of other cations on Cu�+ adsorption by 
chitin A. 
Adsorption RC (mmoL^)* 
^ W ^ T ^ 
Cu2+ 1.07土0.04& � � 1.07士0.04& 
Cu2+ + Ni2+ 1.12士0.02& ND** � 1.1210.02^ 
Cu2+ + Zn2+ 1.09±0.03& � ND 1.09±0.03& 
Cu2+ + Ni2+ + Zn2+ 1.08士0.02& ND ND 1.08±0.02& 
*Means of triplicates with the same superscript in same column are statistically identical (ANOVA, Tukey, p < 0.05). 
**ND = Not detectable (detection limit: 5 i^g/L for Ni]+; 4 ^gn. for Zn^^. 
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Table 3-13. Effects of individual and combination of other cations on Ni�+ adsorption by 
chitin A. 
Adsorption RC (mmoVg)* 
^ N P ^ T ^ 
Ni2+ � 0.13士0.02& � 0.13i0.02d 
2+ 2+ 
Ni + C u 0.11±0.00& 0.13士0.02& � 0.24土0.02� 
Ni2+ + Zn2+ � 0.13±O.Oia 0.42士0.01& 0.55±0.0lb 
Ni2+ + Cu2+ + Zn2+ 0.12 土 0.00& 0.14 士 0.01& 0.37 士 O.Olb 0.62 土 0.01& 
•Means of triplicates with the same superscript in same column are statistically identical 




Table 3-14. Effects of individual and combination of other cations on Zn�+ adsorption by 
chitin A. 
Adsorption RC (mmoVg)* 
^ N P ^ T ^ 
Zn2+ � � 0.70土0.01& 0.70±0.0lb 
Zn2+ + Cu2+ 0.10±0.00a � 0.62±0.03b 0.72土0.03&& 
Zn2+ + Ni2+ � 0.04±0.0ia 0.60±0.02b 0.63土0.01� 
Zn2+ + Cu2+ + Ni2+ 0.10 土 0.00& 0.05 土 0.02a ^^ ^ 士 O.Olb 0.76 土 0.02a 




n Z 3 Cu2+(100mg/L) 
g ^ Cu2+ (100 mg/L) + C「(60 mg/L) 
^ ^ Cu2+ (100 mg/L) + Crfi^^' (30 mg/L) 
^ ^ Cu2+ (100 mg/L) + 804^" (163 mg/L) 




Figure 3-22. Effects of individual and combination of anions on Cu�+ adsorption by 
chitin A. The experimental conditions: Initial pH = 8, concentration of biosorbent = 
25 mg/55 mL, initial concentration of Cu!+ = jQQ mgy^ L, retention time = 30 min and 
temperature = 23±2oC. Means with the same letter are statistically identical 
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Figure 3-23. Effects of concentration of Cr2O7^ " in the presence of other anions on 
Cu2+ adsorption by chitin A. The experimental conditions: Initial pH = 8， 
concentration of biosorbent = 25 mg/55 mL, initial concentration of Zn�+ = 100 
mg/L, retention time = 30 min and temperature = 23±2°C. Means with the same 
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I 1 Ni2+(100mg/L) 
7^77m N|2+ (100 mg/L) + C「(60 mg/L) 
^ ^ Ni2+ (100 mg/L) + C r p / " (30 mg/L) 
^ m N|2+ (100 mg/L) + S04^- (163 mg/L) 
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Figure 3-24. Effects of individual and combination of anions on Ni:+ adsorption by 
chitin A. The experimental conditions: Initial pH = 8，concentration of biosorbent = 
25 mg/55 mL, initial concentration o f N P = 100 mg/L, retention time = 30 min and 
temperature = 23±2° C. Means with the same letter are statistically identical 
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Figure 3-25. Effects of individual and combination of anions on Zn�+ adsorption 
by chitin A. The experimental conditions: Initial pH = 8，concentration of 
biosorbent = 25 mg/55 mL, initial concentration of Zn�+ = 100 mg/L, retention 
time = 30 min and temperature = 23±2° C. Means with the same letter are 
statistically identical (ANOVA, Tukey, p < 0.05) and the error bars represent the 
standard deviations of triplicates. 
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would slight reduce the enhancement caused by SO4^ " (Fig. 3-23). 
For Ni2+ adsorption, all the anions tested caused no inhibition on the Ni�+ RC 
of chitin A (Fig. 3-24). Similarly, the presence of C1' (60 mg/L) or SO4^ " (163 mg/L) 
individually caused no inhibitory effect on the Zn�+ RC ofchitin A(Fig. 3-25). However, 
< ^ I 
the Zn RC of chitin A was significant reduced by 10% in the presence of Cv2O1^ ' (30 
mgyO.) alone or C1' (60 mgyO.), Cx2O1^ ' (30 mg/L) and S0/" (163 mg/L) in combination 
(Fig. 3-25). The inhibitory effect of Cx2O1^ ' on Zn�+ adsorption increased with increasing 
the concentration ofCr2O72_ (Fig. 3-26). 
3.4 Opt imiza t ion of Cu】+，Ni�+ a n d Zn^+ remova l efficiencies 
, The metal ion removal efficiency (RE) of chitin A was optimized by varying 
the biosorbent quantity in 55 mL of 100 mgy^ L metal ion solution. Results indicate that 
the total amount of metal ion recovered from solution was affected by the concentration 
ofbiosorbent (Figs. 3-27，3-28 and 3-29). Increasing the quantity ofchitin A in solution 
was found to decrease the metal ion RC but increase the total amount of metal ion 
recovered from solution (Figs. 3-27, 3-28 and 3-29). 
The maximum RE of Cu^^ and Zvi^ was found to be 91% at a biosorbent to 
solution ratio of 150 mg/55 mL and 400 mg/55 mL, respectively (Figs. 3-27 and 3-29). 
However, only 30% ofNi^^ was removed at a biosorbent to solution ratio of400 mg/55 
mL and even 1.6 g of chitin A could only remove 50% o f N P (Fig. 3-28). 
3.5 Recovery of Cu!+，Ni!+ and Z n � + f r o m meta l ion-laden chitin A 
3.5.1 Performances of various eluents on metal ion recovery 
Various eluents were used in attempts to desorb metal ions from metal ion-
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- ^ Zn2+ (100 mg/L) + CrjO/" (0，30 or 60 mg/L) 
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Figure 3-26. Effects of concentration of Cr2O7^ " in the presence and absence of 
other anions on Zn�+ adsorption by chitin A. The experimental conditions: Initial 
pH = 8, concentration ofbiosorbent = 25 mg/55 mL, initial concentration ofZn�+ 
=100 mg/L, retention time = 30 min and temperature = 23±2°C. Means with the 
same colour and letter are statistically identical (ANOVA, Tukey, p < 0.05) and 
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Figure 3-27. Optimization of Cu�+ removal efficiency of chitin A. The 
experimental conditions: Initial pH = 8, initial concentration ofCu�+ = 100 mg/L, 
reaction volume = 55 mL, retention time = 30 min and temperature = 23±2° C. 
Means with the same letter are statistically identical (ANOVA, Tukey, p < 0.05) 
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Figure 3-28. Optimization o f N p removal efficiency of chitin A. The experimental 
conditions: Initial pH = 8，initial concentration of Ni�+ = 100 mg/L, reaction 
volume = 55 mL, retention time = 30 min and temperature = 23±2° C. Means with 
the same letter are statistically identical (ANOVA, Tukey, p < 0.05) and the error 
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Figure 3-29. Optimization of Zn�+ removal efficiency of chitin A. The experimental 
conditions: Initial pH = 8，initial concentration of Zn:+ = 100 mgy'L, reaction 
volume = 55 mL, retention time = 30 min and temperature = 23±2° C. Means with 
the same letter are statistically identical (ANOVA, Tukey, p < 0.05) and the error 
bars represent the standard deviations of triplicates. 
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laden chitin A. They included citric acid (pU 1.0 and 3.7), EDTA (pH 3.7), HC1 (pH 1.0 
and 3.7), HNO3 0>H 1.0), H2SO4 (pH 1.0) and thiourea (pU 1.0 and 3.7). The results of 
Cu2+, Ni2+ and Zn]+ desorption are present in Figs. 3-30，3-31 and 3-32, respectively. 
For Cu2+ desorption, over 95% (recovery capacity/removal capacity, ReC/RC) 
^ 1 
of Cu could be recovered from metal ion-laden biosorbent by 0.1 M ofcitric acid (pH 
1.0)，EDTA (pH 3.7), HC1 (pU 1.0), HNO3 (pH 1.0)，H2SO4 0>H 1.0) or thiourea (pU 
1.0) (Fig. 3-30). However, only 35% of Cu�+ could be desorbed by 0.1 M thiourea with 
pH 3.7 and even no desorption was observed by 0.1 M HC1 with pH 3.7 (Fig. 3-30). 
For Ni2+ desorption, above 90% ofNi�+ could be desorbed by 0.1 M of citric 
acid (pU 1.0 and 3.7)，EDTA (pU 3.7), HC1 (pU 1.0), HNO3 (pH 1.0) or H2SO4 (pH 1.0) 
(Fig. 3-31). However, only 10% ofNi�+ could be desorbed by 0.1 M thiourea with pH 
¥ 
3.7 and even no desorption was observed by 0.1 M HC1 with pH 3.7 (Fig. 3-31). 
2+ 
For Zn desorption, similar performance was observed as 0.1 M of citric acid 
(pH 1.0 and 3.7), EDTA (pH 3.7), HC1 (pH 1.0), HNO3 (pU 1.0), H2SO4 (pH 1.0) or 
thiourea (pH 1.0) could recover over 95% of Zn!+ (Fig. 3-32). However, 0.1 M of 
thiourea and HC1 with pH 3.7 could only desorb 13% and 0% ofZn]+，respectively (Fig. 
3-32). 
Table 3-15 shows the desorption pH of eluent and metal ion-laden biosorbent 
mixtures. It appears that significant metal ion desorption would occur at pH below 4 
while little or no metal ion desorption are observed at pH above 6.5 (Table 3-15). 
3.5.2 Multiple adsorption and desorption cycles of metal ions 
Multiple adsorption and desorption cycles of Cu】+，Ni:+ and Zn�+ were 
performed by 0.1 M ofEDTA (pH 3.7) (Figs. 3-33，3-34 and 3-35). A dramatic decrease 
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n H 2 0.1 M Citric acid (pH 1.0) 
^ ^ 0.1 M Citric acid (pH 3.7) 
^ ^ 0.1 M EDTA (pH 3.7) 
^ ^ 0.1 M Hydrochloric acid (pH 1.0) 
^ 3 0.1 M Hydrochloric acid (pH 3.7) 
m m 0.1MNitricacid (pH 1.0) 
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Figure 3-30. Effects of various eluents on the percentage of Cu�+ recovery from 
Cu2+-laden chitin A. The experimental conditions: Initial pH = 8, concentration of 
biosorbent = 25 mg/55 mL, initial concentration of Cu�+ = 100 mgfL, retention 
time = 30 min and temperature = 23±2° C. Means with the same letter are 
statistically identical (ANOVA, Tukey, p < 0.05) and the error bars represent the 
standard deviations of triplicates. *No Cu!+ can be recovered by 0.1 M 
hydrochloric acid solution (pH 3.7) from Cu^^-laden chitin A • 
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I I 0.1 M Citric acid (pH 1.0) 
W m 0.1 M Citric acid (pH 3.7) 
^ ^ 0.1MEDTA(pH3.7) 
BS88883 0.1 M Hydrochloric acid (pH 1.0) 
^ ^ 0.1 M Hydrochloride acid (pH 3.7) 
m m 0.1MNitricacid (pH1.0) 
m i 0.1 M Sulfuric acid (pH 1.0) 
I I 0.1 M Thiourea (pH 1.0) 
^ ^ 0.1 M Thiourea (pH 3.7) 
120 n — 
誦 
F i ^ e 3-31. Effects of various eluents on the percentage o fNi�+ recovery from 
Ni -laden chitin A. The experimental conditions: Initial pH = 8，concentration of 
biosorbent = 25 mgy'55 mL, initial concentration of Ni]+ = 100 mgfL, retention 
time = 30 min and temperature = 23±2°C. Means with the same letter are 
statistically identical (ANOVA, Tukey, p < 0.05) and the error bars represent the 
standard deviations of triplicates. *No Ni�+ can be recovered by 0.1 M of 
hydrochloric acid solution ^ H 3.7) from Ni^^-laden chitin A. 
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g ^ 0.1 M Citric acid (pH 3.7) 
R ^ 0.1 MEDTA(pH3.7) 
^ m 0.1 M Hydrochloric acid (pH 1.0) 
^ ^ 0.1 M Hydrochloric acid (pH 3.7) 
mnJ] 0.1 MNitric acid (pH1.0) 
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Figure 3-32. Effects of various eluents on the percentage of Zn�+ recovery from 
Zn2+-laden chitin A. The experimental conditions: Initial pH = 8，concentration 
ofbiosorbent = 25 mg/55 mL, initial concentration of Zn]+ = 100 mg/L, retention 
time = 30 min and temperature = 23±2° C. Means with the same letter are 
statistically identical (ANOVA, Tukey, p < 0.05) and the error bars represent the 
standard deviations of triplicates. *No Zij2+ can be recovered by 0.1 M of 
hydrochloric acid solution (pH 3.7) from Zn^^-laden chitin A. 
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Table 3-15. The desorption pH of eluent and metal ion-laden biosorbent mixtures. 
Eluent Desorption pH* 
Cu2+ desorption Ni^ desorption Zn^^ desorption 
Citricacid (pH 1.0) 1.07 1.09 1.12 
Citric acid (pH 3.7) 3.76 3.76 3.77 
EDTA (pH 3.7) 3.79 3.80 3.78 
HCl(pH 1.0) 1.07 1.08 1.14 
HCl(pH3.7) 7.85 8.78 7.98 
HNO3 0>H 1.0) 1.04 1.05 1.07 
H2SO4 (pH 1.0) 1.05 1.07 1.09 
Thiourea (pH 1.0) 1.20 1.24 1.28 
Thiourea (pH 3.7) 6.46 6.68 6.55 
^«>~*^~^~""»~—»>-—-^^^~»~<»^^»»<»^~^~i»>^~^«»^_^«—^_^_»B^^^_—^^^__—_^^_^ 










(a) 70 . , J r 70 
. : : : n g ' � : : ： 
d _ ^ r ^ [丨: 
Cycle 1 Cyc le 2 Cyc le 3 
(b) < 70 n ^ A r 70 < 
-E 60 - � ^ ^ 1 = ] RC - 60 -B 
I：：： \ M 一 ：：：! 
. f ! ; l 11 ^ ^ [;:l 
Cycle 1 Cycle 2 Cyc le 3 
(c) 70 n " ^ ~ r 70 
60 - "*" ^ CZZD RC _ 60 
丨 n 一 ： " 1 1 1 ^ ^ t-
Cycle 1 Cycle 2 Cycle 3 
Adsorpt ion and desorpt ion cycle 
___ ，丄 
Figure 3-33. The Cu removal and recovery capacities of chitin A in three 
adsorption and desorption cycles at (a) initial pH 8 for three cycles, (b) initial pH 8 
for first cycle and initial pH 9 for second and third cycles, (c) initial pH 8 for first 
cycle and initial pH 10 for second and third cycles. The experimental conditions: 
Concentration of biosorbent = 50 mg/110 mL, initial concentration of Cu�+ = 100 
mg/L, retention time = 30 min and temperature = 23±2°C. 0.1 M of EDTA 
solution (pH 3.7) was used as eluent. Means with the same case and letter are 
statistically identical (ANOVA, Tukey, p < 0.05) and the error bars represent the 
standard deviations of triplicates. 
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Figure 3-34. The Ni]+ removal and recovery capacities of chitin A in three 
adsorption and desorption cycles at (a) initial pH 8 for three cycles, (b) initial pH 
8 for first cycle and initial pH 9 for second and third cycles, (c) initial pH 8 for 
first cycle and initial pH 10 for second and third cycles. The experimental 
conditions: Concentration ofbiosorbent = 50 mg/110 mL, initial concentration of 
Ni2+ = 100 mg/L, retention time = 30 min and temperature = 23±2°C. 0.1 M of 
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Figure 3-35. The Zn]+ removal and recovery capacities of chitin A in three 
adsorption and desorption cycles at (a) initial pH 8 for three cycles, (b) initial pH 8 
for first cycle and initial pH 9 for second and third cycles, (c) initial pH 8 for first 
cycle and initial pH 10 for second and third cycles. The experimental conditions: 
Concentration of biosorbent = 50 mg/110 mL, initial concentration ofZn�+ = 100 
mgn., retention time = 30 min and temperature = 23±2° C. 0.1 M of EDTA 




in the metal ion RC of chitin A was observed after the first adsorption and desorption 
cycle for all the metal ion studied (Figs. 3-33，3-34 and 3-35). Although the metal ion-
laden chitin A could be effectively regenerated by EDTA, the Cu�+ RC of chitin A was 
largely reduced from 63.3 mg/g at the first cycle to 6.9 and 7.0 mg/g at the second and 
third cycles, respectively (Fig. 3-33). Similar results are observed for Ni�+ and Zn�+ 
adsorption and desorption cycles (Figs. 3-34 and 3-35). The RC ofchitin A for Ni�+ was 
decreased from 8.8 mg/g at the first cycle to 2.0 and 0.8 mg/g at the second and third 
cycles, respectively, while that for Zn�+ was reduced from 43.1 mg/g at the first cycle to 
5.4 and 4.0 mg/g at the second and third cycles, respectively (Figs. 3-34 and 3-35). 
In order to enhance the Cu】+，Ni�+ and Zn�+ RCs of chitin A in the subsequent 
cycles, the initial pH of regenerated biosorbent solutions was adjusted to pH 9 and 10. 
i:4 
However, only slight increase of metal ion RC was observed with increasing the pH of 
biosorbent solution (Figs. 3-33，3-34 and 3-35). 
3.6 Treatment of electroplating effluent by chitin A 
3.6.1 Removal and recovery of Cu!+，Ni�+ and Zn!+ from electroplating effluent 
collected from rinsing baths 
The characteristics of Cu】+，Ni�+ and Zn�+ electroplating effluent collected from 
2 _ j _ • 2 _ | _ 2 j 
Cu，Ni and Zn rinsing baths, respectively, in local electroplating factories are 
shown in Tables 3-16，3-17 and 3-18, respectively. Generally, the concentration ofthe 
target ion was obviously higher than that of other cations (Tables 3-16，3-17 and 3-18). 
Moreover, significant high amounts of S0/" and C1' were found in the Cu�+ rinsing 
effluent and Zn?+ rinsing effluent, respectively (Tables 3-16 and 3-18). Whereas high 
amounts of S04^" and C1' were determined from the Ni�+ rinsing effluent (Table 3-17). 
117 
3. Results 
Table 3-16. Characteristics of Cu�+ electroplating effluent collected from Cu!+ rinsing 
bath in local electroplating factory. 
Parameter Range* 
Cu2+(mg/L) 19，774±19 
Ni2+ (mg/L) ND** 
Zn2+(mg/L) 982.0土41.3 
Cr (mg/L) 745.0 土 50.2 
F' (mg/L) 193.3±59.3 
NO3" (mg/L) 125.8±16.7 
SO42-(mg/L) 70，008±1319 
PH 0.6 土 0 
*Mean and standard deviation of triplicates are shown. 





Table 3-17. Characteristics o fNi�+ electroplating effluent collected from Ni�+ rinsing 
bath in local electroplating factory. 
Parameter Range* 
Cu2+ (mg/L) ND** 
NP(mg/L) 4，387士40 
Zn2+(mg/L) 4 .1±0 
Cr (mg/L) 1,211 士 11 
F-(mg/L) 0.5土0.1 
NOs" (mg/L) 11.0±1.3 
SO/-(mg/L) 6，546土55 
PH 7.1±0 
*Mean and standard deviation of triplicate are shown. 




Table 3-18. Characteristics of Zn�+ electroplating effluent collected from Zn�+ rinsing 
bath in local electroplating factory. 
Parameter Range* 
Cu2+(mg/L) 0.6±0.1 
Ni2+ (mg/L) ND** 
Zn2+(mg/L) 508.9±1.7 
Cr (mg/L) 4,856 土 374 
F- (mg/L) 16.4±1.0 
NO3-(mg/L) 14.5±1.2 
SO42-(mg/L) 22.8土0.8 
pH 7.2 土 0 
*Mean and standard deviation of triplicate are shown. 





The solution pH of Cu�+ rinsing effluent was strongly acidic, while that ofboth Ni!+ and 
Zn2+ rinsing effluent was neutral (Tables 3-16，3-17 and 3-18). 
The removal capacities (RCs) and recovery capacities (ReCs) ofCu�+，Ni�+ and 
2+ 
Zn from the artificial effluent and the electroplating effluent were compared. It is 
clearly that no significant difference in the RCs of Cu�+ between the artificial effluent 
and the electroplating effluent was observed (Fig. 3-36). Almost 100% (ReC/RCxlOO) 
/•*, _ of loaded Cu could be recovered from Cr^-laden chitin A in the artificial effluent, but 
only 86% of loaded Cu�+ could be recovered from Cu^^-laden chitin A in the 
electroplating effluent (Fig. 3-36). 
Similar results are observed for Ni�+ and Zn�+ adsorption and desorption 
experiments as no obvious difference in the RCs ofNi?+ and Zn^^ between the artificial 
«s» 
effluent and the electroplating effluent were resulted (Figs. 3-37 and 3-38). Over 94% 
and 100% of loaded Ni^ ^ could be recovered from Ni^^-laden chitin A in the artificial 
effluent and the electroplating effluent, respectively (Fig. 3-37). Over 98% of loaded 
Zn2+ could be recovered from Zn^^-laden chitin A in both of the artificial effluent and 
the electroplating effluent (Fig. 3-38). 
3.6.2 Removal and recovery of Cu】+，Ni�+ and Zn�+ from electroplating effluent 
collected from final collecting tank 
Table 3-19 present the characteristics of electroplating effluent collected from 
K 
final collecting tank in a local electroplating factory. This tank collected all the 
wastewaters, including rinsing waters and spent electroplating solutions, generated in the 
electroplating factory. Basically, the characteristics of the electroplating effluent used in 
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Figure 3-36. Removal and recovery of Cu�+ from artificial effluent and 
electroplating effluent (collected from Cu�+ rinsing bath) by chitin A in one 
adsorption and desorption cycle. The experimental conditions: Initial pH = 8， 
concentration of biosorbent = 25 mg/55 mL, initial concentration of Cu�+ = 100 
mg/L, retention time = 30 min and temperature = 23±2°C. 0.1 M ofH2SO4 solution 
(pH 1.0) was used as eluent. Means with the same case of letter are statistically 
identical (ANOVA, Tukey, p < 0.05) and the error bars represent the standard 
deviations of triplicates. 
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A , Figure 3-37. Removal and recovery of Ni from artificial effluent and 
electroplating effluent (collected from Ni�+ rinsing bath) by chitin A in one 
adsorption and desorption cycle. The experimental conditions: Initial pH = 8, 
concentration of biosorbent = 25 mg/55 mL, initial concentration of Ni = 100 
mg/L, retention time = 30 min and temperature = 23±2°C. 0.1 M of H2SO4 
solution (pH 1.0) was used as eluent. Means with the same case and letter are 
statistically identical (ANOVA, Tukey, p < 0.05) and the error bars represent the 
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Figure 3-38. Removal and recovery of Zn�+ from artificial effluent and 
electroplating effluent (collected from Zn�+ rinsing bath) by chitin A in one 
adsorption and desorption cycle. The experimental conditions: Initial pH = 8， 
concentration of biosorbent = 25 mg/55 mL, initial concentration of Zn[+ = 100 
mg/L，retention time = 30 min and temperature = 23±2°C. 0.1 M ofHCl solution 
ft>H 1.0) was used as eluent. Means with the same case of letter are statistically 
identical (ANOVA, Tukey, p < 0.05) and the error bars represent the standard 
deviations of triplicates. 
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Cr (mg/L) 36.3 士 0.8 
F" (mg/L) 0 .1±0 
NO3- (mg/L) 14.0 土 0.2 
S04^-(mg/L) 981.4±0.8 
PH 2.3 土 0 




electroplating factories (Table 1-1). The effluent used in the present study was contained 
high levels of Cu^^ and Ni�+ and low level ofZn�+ (Table 3-19). Besides, significantly 
high amount of SO4^ " and remarkable amounts of C1" and NO3" were detected (Table 3-
19). The pH of the effluent was comparatively acidic (Table 3-19). 
The RCs and ReCs of Cu】+，Ni�+ and Zn�+ by chitin A from the artificial 
effluent and the electroplating effluent were shown in Fig. 3-39. It is clearly that no 
significant difference in the RCs and ReCs of Ni�+ and Zn^^ by chitin A between the 
artificial effluent and the electroplating effluent was resulted (Fig. 3-39). However, a 
significant difference in the RCs and ReCs ofCu�+ by chitin A between two effluent was 
obtained (Fig. 3-39). 
It is obvious that the order of RC of chitin A for metal ion in both artificial 
«：' 
effluent and electroplating effluent was Cu�+ > Ni�+ > Zn]+ (Fig. 3-39). Moreover, 98% 
of Cu2+，97% ofNi2+ and 100% of Zn]+ could be recovered from the metal ion-laden 
chitin A from the artificial effluent, whereas 96% of Cu】+，90% o fNi�+ and 100% of 
2+ 
Zn could be desorbed from the metal ion-laden chitin A from the electroplating 
effluent treated biosorbent (Fig. 3-39). 
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Figure 3-39. Removal and recovery of Cu】+，Np and Zn�+ from artificial 
effluent and electroplating effluent (collected from final collecting tank) by 
chitin A in one adsorption and desorption cycle. The experimental conditions: 
Ini^al pH 5, concentration ofbiosorbent = 25 mg/55 mL, initial concentration of 
Cu + = 16 mg/L, Ni2+ 二 40 mg/L, Zn�+ = 2 mg/L, retention time = 30 min and temperature = 23±2°C. 0.1 M of H2SO4 solution (pH 1.0) was used as eluent. Means with the same case and letter on same metal ions are statistically id ntical(ANOVA, Tukey, p < 0. 5) and the error bars represent the st ndard deviatio sof triplica s. 
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4. Discussion 
4.1 Characterization of biosorbents 
‘ It is well known that chitin and its derivative, chitosan, are excellent metal ion 
adsorbents. However, their adsorption behaviors are highly dependent upon their natures 
and physico-chemical properties. Thus, characterization of biosorbents is of great 
importance. 
4.1.1 Chitin assay 
According to previous studies, crustacean shell waste usually consists of 20-
50% of chitin (Muzzarelli, 1973; Ferrer et al, 1996; Cho et al” 1998; Synowiecki and 
？ 
Al-Khateeb, 2000). However, the chitin content of chitin A (59.5%) determined in the 
present study was higher than that of crustacean shell waste (Table 3-1). It might be 
attributed to fact that some of the water-soluble materials including protein have been 
discarded throughout the production and/or pretreatment processes. As a result, an 
exceptionally high chitin content of chitin A was resulted. 
As expected, chitin B must contain a high degree ofchitin content (93.1%) as it 
was purified by the deproteination process with alkali solution and demineralization 
process with acid solution throughout the production processes (Table 3-1). 
Owing to the high solubility of chitosan in acid solution, the purity ofchitosan 
has not been determined. However, it is expected that the chitin content of chitosan must 
be at least the same as that of chitin B since chitosan was directly produced by 
deacetylation of chitin B. 
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4.1.2 Protein assay 
Based on the previous reports, protein was one of the major effective 
components for metal ion binding (Sag and Kutsal, 1995; Chui et al, 1996). It is evident 
that crustacean shell waste consists mainly 30^0% protein, thus it is necessary to 
determine the protein contents of each biosorbents (Ferrer et al., 1996; Cho et al., 1998). 
As can be seen in Table 3-2, only limited amounts of protein were present in 
both chitin B (0.5%) and chitosan (0.2%). It is because almost all of the protein was 
deproteinized by alkali solution, usually NaOH, during the production processes. On the 
contrary, a significant amount of protein (5%) was contained in chitin A because unlike 
chitin B and chitosan, it has not been treated by any alkali solution under the production 
process (Section 2.1.1). However, why chitin A only contained such small amounts of 
i ' * 
protein as compared with other crustacean shell wastes (30-40%). The reason for this 
might be attributed to the fact that the proportion of protein varied with crustacean 
species, crustacean parts as well as the production or pretreatment processes (Cho et al,, 
1998). 
4.1.3 Metal analysis 
As reported by previous studies, both chitin and chitosan are recognized as 
excellent metal ion adsorbents because they readily forms stable complexes with most 
transition metal ions (Kurita et al., 1979; Yang and Zall, 1984; Chui et al., 1996; Zhou, 
1999). Thus, it was no doubt that remarkable amounts ofmetal ions are present in these 
biosorbents as they are obtained from natural product, shrimp shell, in the marine 
environment. 
Based on the results obtained, the amount of metal ions contained in chitin A 
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was the highest followed by chitin B and chitosan (Table 3-3). As expected, most of 
these metal ions in chitin B were removed through the demineralization process while 
that in chitosan were removed through the demineralization and harsh deacetylation 
processes. 
It is evident that both chitin A and chitin B had high amount of Ca�+ because 
their original materials, crustacean shell wastes, consist a large amount of calcium 
carbonate (30-50%) as the major component (Muralidhara and Maggin, 1985; Cho et 
a/.，1998). Results also demonstrate that dilute acid solution had hardly removed the 
calcium carbonate from chitin A, while strong and concentrated alkali could effectively 
remove most calcium carbonate at high temperature. 
Apart from Ca�+, high amounts of Fe^VFe^ ,^ Mg�+ and Na+ were also contained 
in chitin A, chitin B and chitosan because these metal ions are currently found in the 
marine environment. 
Although significant amounts of Cu�+ and Zn�+ were present in the biosorbent 
of chitin A, the present study demonstrated that the removal capacity of chitin A for 
Cu2+ and Zn�+ was thousand times greater than these metal ions originally present in the 
biosorbent. Moreover, only small amount (25 mg/55 mL) ofchitin A was used to study 
its metal ion adsorption behavior, hence the results of metal ion adsorption by chitin A 
are valid. 
4.1.4 Degree ofiV-deacetylation analysis 
A. Diffuse reflectance Fourier transform infra-red spectroscopy 
The infra-red spectra of chitins and chitosan (Fig. 3-1) isolated from shrimp 
shell in the present study are similar to those isolated from crab shell (Domard and 
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Rinaudo，1983) and also to the infra-red spectra ofthese polysaccharides isolated from 
^bsidia coerulea and Rhizopus nigricans fungi (Muzzarelli et al, 1994; Zhang et al, 
1998). The most significant parts of these spectra are those showing the amide bands at 
1650 (amide I)，1550 (amide II) and 1310 cm"^  (amide III) as these are the characteristic 
bands of chitin. The intensities of absorption bands are more pronounced in the spectra 
ofchitin A and chitin B than those in the spectrum ofchitosan (Fig. 3-1). These findings 
are to be expected since the absorption bands are known to become progressively 
weaker with increasing the degree of A^-deacetylation ofchitin (Pangbum et al； 1984). 
The degree ofA^-deacetylation for both chitin A and chitin B determined from 
the DRFT-IR spectra was found to be 0% (Table 3-4). The result for chitin B agreed well 
P with that given by ICPI. As expected the degree of7V-deacetylation of chitin A was also 
Oo/o. This can be explained by the absence of deacetylase enzyme from crustacean shell, 
thus the chitin component cannot be deacetylated enzymatically to deacetylated 
component, chitosan. In addition, a more purified chitin B，which was prepared by 
deproteination and demineralization of chitin A, has been confirmed as a fully acetylated 
chitin. Therefore, it is no doubt that chitin A was also a fully acetylated chitin. 
However, there was a significant difference between the degree of N-
deacetylation of chitosan determined from DRFT-IR spectrum in the present study and 
by ICPI (Table 3-4). This significant difference was mainly due to the high 
hydrophilicity of chitosan (Inoue et al” 1999) as the aggregation of chitosan powders 
was observed when it mixed with anhydrous KBr by a mortar and pestle. Besides, only 
weak characteristic bands were observed from the chitosan spectrum since these chitin 
characteristic bands are known to become progressively weaker with increased N-
deacetylation of chitin (Pangbum et al., 1984). Although the characteristic band for 
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highly deacetylated chitosan was observed at 1594 cm-^  from the chitosan spectrum 
only，it is hard to determine the actual acetyl content of chitosan accurately from weak 
IR absorption bands (Muzzarelli et al., 1994). Thus, the determination of degree of N-
deacetylation of chitin by DRFT-IR spectroscopy is only reliable for chitin with high 
acetyl content. 
In order to determine the degree of 7V-deacetylation of chitosan accurately, 
another simple and rapid method, elemental analysis, was employed. 
B. Elemental analysis 
The degree ofA^-deacetylation of chitin and chitosan was examined based on 
the overall composition ofbiosorbent. According to the elemental analysis performed by 
Pangbum et al (1984) and George (1992), chitin and its deacetylated derivative, 
chitosan, showed a positive correlation between the nitrogen content and degree of N-
deacetylation of the sample. Since the nitrogen content of pure chitin (0% DDA) was 
6.89%，while that of pure chitosan (100% DDA) was 8.69%, thus it is possible to 
determine the degree ofA^-deacetylation by measuring the nitrogen content ofthe sample 
(Hudson and Smith, 1998). 
Based on this correlation, the degree of A^-deacetylation of chitin B and 
chitosan was calculated as 8.6 士 1.2 and 91.1 土 O.Oo/o，respectively (Table 3-6). The 
result of degree of A^-deacetylation for chitin B determined from nitrogen content 
showed fair agreement with that determined from DRFT-IR spectrum and by ICPI. 
However, the result for chitosan determined from nitrogen content agreed well with that 
given by ICPI than determined from DRFT-IR spectrum. 
However, the degree of iV-deacetylation of chitin A cannot be determined by 
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this elemental analysis measurement because the presence of protein as well as some 
inorganic materials would cause inaccurate determination of the nitrogen content in 
chitin A solely (George, 1992; Synowiecki and Al-Khateeb, 2000). 
4.2 Selection of biosorbent for metal ion removal 
4.2.1 Effects of pretreatments of biosorbents on Cu�+ ion biosorption 
A. Washing 
Water-soluble materials, which were contained in biosorbent, might influence 
the metal ion RC ofbiosorbent. In order to study such influence, the Cu�+ RCs between 
the washed and unwashed biosorbents were compared. According to the results, 
. significant difference of the Cu�+ RCs was observed between the washed and unwashed 
chitin A (Table 3-7). The lower Cu�+ RC ofthe unwashed chitin A may be due to the 
presence of water-soluble materials in biosorbent. 
However, there was no significant difference in the Cu�+ RCs between the 
washed and unwashed chitin B and chitosan (Table 3-7). This has been attributed to the 
production processes of biosorbents, as both chitin B and chitosan were demineralized 
and deproteinized by dilute acid and alkali, respectively. Thus most ofthe water-soluble 
materials were removed during the production process. 
As a result, washing of biosorbents is recommended before performing 
biosorption processes so as to enhance theirs metal ion RC. 
B. Pre-swelling 
Based on the previous studies, both chitin and chitosan had different swelling 
properties (Kurita et al.’ 1986; Singh and Ray, 1998). In order to determine whether the 
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swelling properties of biosorbents dominate the biosorption process, the Cu�+ RCs of 
pre-swelled and untreated biosorbents were compared. It is clearly that the swelling 
pretreatment was significant to chitin B because the rate of swelling ofbiosorbent may 
be the dominant factor affecting the metal ion RC (Table 3-8). Therefore, the swelling 
pretreatment ofbiosorbents is recommended before performing biosorption processes so 
as to expose most the functional groups and maximize theirs metal ion RC. 
4.2.2 Comparison of Cu】+，Ni�+ and Zn�+ removal capacities among three 
biosorbents 
Many studies have been reported that the metal ion binding characteristics of 
chitin was influenced by the degree of A^-deacetylation, degree ofpolymerization as well 
as its physico-chemical properties (Kurita et al.’ 1986; Onsoyen and Shaugrud, 1990; 
Inoue et al” 1993; Huang et al； 1996). However, most of them are ofan opinion that 
metal ion binding capacity of chitin was mainly affected by the degree of N-
deacetylation. As a result, their works only concentrated on comparison ofthe metal ion 
RC between chitin and chitosan and on optimization of the metal ion RC by modifying 
the extraction methods for chitin and chitosan (Maruca and Wightman, 1982; Huang et 
al., 1996; Bailey etal, 1999). 
In order to examine the importance of the degree ofA^-deacetylation, degree of 
polymerization and physico-chemical properties of biosorbent on metal ion removal, 
.', 
three biosorbents having different properties were studied at different initial pH values. 
Based on the results shown in Figs. 3-2, 3-3 and 3-4，chitin A gained the highest metal 
ion RC at all the solution pH studied when compared with chitin B and chitosan. This 
result could be explained by the compositional differences among three biosorbents as 
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demonstrated in Section 3.1, and also the occurrence ofdepolymerization ofchitin B and 
chitosan during the production processes. This process happen during the 
demineralization step, when shrimp shell was treated with an acid solution, and/or 
during the deacetylation step, which involved harsh treatment with concentrated alkali at 
high temperature (Muzzarelli, 1973; Muzzarelli, 1977). As some previously studies 
stated that the depolymerization process, which is accomplished by cleavage of 
glycosidic linkages, affected the metal ion adsorption ability ofbiosorbent (Shimahara et 
al； 1984; Coughlin et al； 1990). Thus, lower metal ion RCs of chitin B and chitosan 
were resulted. 
Besides the degree of depolymerization, the metal ion removal capability of a 
biosorbent was also affected by the degree of7V-deacetylation. As compared with the 
RCs between two biosorbents having different degrees of A^-deacetylation, the one 
having higher degree of A^-deacetylation (chitosan) showed higher Cu�+ and Ni�+ RCs 
than the one having lower degree of A^-deacetylation (chitin B). This is because the 
deacetylation process can remove the acetyl groups (-COCH3) from the structure and 
leave the amino groups (-NH-) on the structure. These free amine groups present on the 
chitosan are then more available for metal ion binding by donating a lone pair of 
nitrogen electrons for establishing dative bonds with transition metal ions (Inoue et al., 
1999; Huang et al., 1998; Minamisawa et al” 1999). 
However, for Zn�+ adsorption, chitin B exhibited higher Zn�+ RC than chitosan 
(Fig. 3-4). This result is in good agreement with the data reported by Muzzarelli (1973) 
and Inoue et al (1999). This might be attributed to the difference of interaction 
mechanisms between different metal ions. As some literatures stated that the functional 
groups present on biosorbent containing oxygen may possess a higher Zn�+ affinity than 
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those containing nitrogen in the case of Zn�+ adsorption (Huang et al； 1996; Williams et 
a/” 1998). Thus, the biosorbent, which had higher oxygen content (chitin B), would have 
higherZn2+RC. 
4.2.3 Comparison of Cu�+ removal capacities of chitins with various degrees of 
7V-deacetylation 
Referring to some previous findings, chitins with various degree of N-
deacetylation had different metal ion RCs. As reported by Kurita et al (1986) and Bailey 
et al (1999)，the metal ion RC of chitin varies with percentages ofA^-deacetylation and it 
is clear that chitin with 50% degree of A^-deacetylation seen to be most effective for 
metal ion adsorption. The purpose of this experiment was attempted to improve the 
metal ion adsorption ability of chitin B and chitosan so as to reach over than that ofthe 
best biosorbent, chitin A. Different degree of A^-deacetylation of chitins were prepared 
by mixing different portions of chitin B and chitosan because chitin B was a 0% N-
deacetylated chitin while chitosan was a 98% AA-deacetylated chitin. 
Based on the results obtained in this study, the metal ion RC increased 
generally with increasing the degree of A^-deacetylation of chitin (Fig. 3-5). This trend 
was consistent with our prediction as mentioned in Section 4.2.2 and similar to the 
results reported by Huang et al (1996). However, the Cu�+ RC ofchitins having various 
degree ofA^-deacetylation could only reach as high as the chitosan did, therefore, chitin 




4.3 Effects of physico-chemical conditions on Cu】+，Ni!+ and Zn�+ 
adsorption by chitin A 
4.3.1 Solution pH and concentration of biosorbent 
Based on the results obtained, both of the solution pH and concentration of 
biosorbent had significant effects on the metal ion RC ofchitin A (Figs. 3-6, 3-7 and 3_ 
8). This result is in good agreement with many previous studies, which has mentioned in 
Sections 1.1.4A and 1.1.4B, as the metal ion RC increased with increasing in solution 
pH and decreasing in concentration ofbiosorbent. 
This pH dependence of metal ion uptake could be attributed to the electrostatic 
I nature of various functional groups, mainly amino and hydroxyl groups, present on the 
- surface of chitin A and also the metal ion solution chemistry (Jansson-Charrier et al., 
1996; Matheickal and Yu, 1996; Kapoor et aL, 1999). As referring to the equation 1 
mentioned in Section 1.1.4A, at low pH values, the overall surface charge ofbiosorbent 
becomes positive as high concentration ofprotons (H+) compete with metal ions for the 
i . . 
binding sites, thus resulting in a reduced metal ion uptake. As the pH increases, the 
overall surface charge of biosorbent becomes more and more negative and therefore 
favors the adsorption of positively charged metal ions. However, ftirther increases of 
solution pH beyond its optimum values would lead to a reduction in metal ion uptake. 
This might probably due to a reduced solubility ofmetal salts and the formation ofmetal 
precipitates (Periasamy and Namasivayam, 1996; Sing and Yu, 1998). 
Although chitin A as well as most microorganisms only has a remarkable RC 
at initial pH above 5，it gives a convenience for easy metal ion desorption since metal 
ion could be easily recovered from metal ion-laden biosorbent by adjusting the solution 
pH below 5. As a result, metal ions can be recovered and biosorbent can be used again. 
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Besides solution pH, the concentration ofbiosorbent is another parameter that 
can affect the metal ion RC. It has been found that the concentration ofbiosorbent had 
significant influence on the metal ion RC especially at high pH because more metal ions 
would be biosorbed per unit gram ofbiosorbent at low concentration ofbiosorbent than 
at high concentration of biosorbent (Figs. 3-6，3-7 and 3-8). This result suggests that 
high concentration of biosorbent could make a screen effect on the outer layer of 
biosorbents, and hence protect the binding sites from metal ions (Pons and Fuste, 1993; 
Singleton and Simmons, 1996). 
In order to compare the RC of chitin A towards various metal ions, the 
optimum initial pH and concentration of biosorbent for metal ion adsorption were 
standardized as 8 and 25 mg/55 mL for the following experiments. In these conditions 
«;» 
high metal ion RC of chitin A can be obtained and the metal ion removal can be related 
only to the adsorption process. 
4.3.2 Retention time 
From the kinetic experiments, a typical biphasic process, a rapid phase 
followed by a slow phase, was encountered by chitin A for Cu】+，Ni�+ and Zn�+ 
adsorption (Fig. 3-9). This phenomenon is consistent with that reported by Huang et al 
(1996) as the adsorption of Cu�+ and Ni�+ by pelletized biopolymer also followed the 
two-step kinetics. Such two phases of adsorption may be due to the results of two step 
丨、 
adsorption mechanisms. The rapid initial phase, where adsorption was fast and 
contributed significantly to equilibrium uptake, may be attributed to the sufficient 
availability ofbinding sites on the biosorbent for metal ion adsorption. Whereas the slow 
second phase, whose contribution to the total metal biosorption was relatively small, is 
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probably due to the steric hinderance between the adsorbed and the un-adsorbed metal 
ions and also the diffiision of metal ions into the biosorbent (Mishra and Chaudhury, 
1996; Kapoor et al., 1998; Prakasham et al” 1999). 
From the industrial point of view, rapid adsorption kinetics have significant 
practical importance because the effluent containing metal ions could be treated 
efficiently and economically in a smaller reactor for a short period. Although more metal 
ions could be removed by lengthening the retention time, it is not recommended as less 
than 10% ofCu2+ and Zn�+ could be removed beyond 30 minutes interaction (Fig. 3-9). 
Furthermore, the amount of unrecoverable metal ions would increase with lengthening 
the retention time because these metal ions were diffused into the biosorbent during the 
slow phase. Thus a contact time of 30 minutes was selected as the optimum equilibrium 
time for all the following experiments. 
4.3.3 Initial metal ion concentration 
Batch isotherm studies were performed to determine the metal ion adsorption 
phenomenon of chitin A. As seen from the equilibrium isotherm of Cu�+，a H (high 
affinity) class of adsorption isotherm was obtained (Fig. 3-10). The Cu�+ RC ofchitin A 
increased steeply at low concentrations of Cu�+ due to the sufficient availability of 
binding sites for limited Cu】+，and eventually reached a plateau as the concentrations of 
Cu2+ increased because of the fully occupation of binding sites. Similar pattern ofZn:+ 
equilibrium isotherm of chitin A was obtained, except the slope of the equilibrium 
isotherm was less steeper than that for Cu2+ (Fig. 3-12). 
The order for both adsorption capacity (qmax) and adsorption affinity (b) of 
chitin A was Cu�+ > Zn�+ > Ni^ ^ as indicated in Table 3-10. Various degrees of 
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adsorption capacity and adsorption affinity for different metal ions might be related to a 
variety of interaction mechanisms involved for different metal ions (Yu et al., 1999) as 
well as the chemical properties of the metal ions (Budinova et al., 1994; Tsezos et al” 
1996; Puranik and Paknikar, 1999). This order agrees well with other adsorbents, such 
as biofilm coated granular activated carbon (Scott and Karanjkar, 1995), biopolymers, 
chitin and chitosan, (Yang and Zall, 1984; Huang et al； 1996), red mud (Lopez et al, 
1998)，Streptomyces rimosus bacterium (Zouboulis et al； 1999), Streptoverticillium 
cinnamoneum and Penicillium chrysogenum ftingal biomass (Puranik and Paknikar, 
1999) and Ulva sp. 2 seaweed biomass (Lau, 2000). 
Referring to the adsorption constants, chitin A not only exhibited the highest 
selectivity towards Cu�+ but also could bind Cu�+ strongly and effectively especially at 
low concentrations. Therefore chitin A is highly suitable to treat dilute Cu�+ bearing 
effluent (Matheickal and Yu, 1996). Although adsorption capacity and affinity ofchitin 
A for Zn2+ and Ni�+ were not as high as that of Cu。+，the adsorption of chitin A for both 
2+ 21 
Zn and Ni was favoured. As Sag and Kutsal (1995), Scott and Karanjkar (1995) and 
Prakasham et al (1999) have stated that the magnitude ofFreundlich constant, n, is an 
indication of system suitability. Once the value o fn is greater than unity, the adsorption 
system is favoured. 
The adsorption of Cu�+, N P and Zn�+ by chitin A was proved to be a 
monolayer adsorption based on the results of Langmuir and Freundlich isotherms, even 
though the biosorption data for Cu�+ were not fitted to the Freundlich model (Table 3-
10). As the result shown in Fig. 3-14，the Freundlich adsorption model did not become 
linear at low concentrations but was concave to the concentration axis. This observation 
is consistent with that reported by Volesky (1994). It was attributed to the fact that 
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Freundlich equation does not reduce to a linear adsorption expression at very low 
concentrations in all cases. In other words, the Freundlich equation only agrees well with 
experimental data over moderate ranges of concentration, Ce (Adamson, 1990). 
The values of maximum adsorption capacity, q^x, for Cu^^ Ni�+ and Zn]+ 
adsorption on other adsorbents are summarized in Table 3-11 for comparison. These 
values indicate that chitin A, compared with most biosorbents, was a very good 
candidate particularly in removing of Cu^^ and Zn�+ from single metal ion solution. 
2+ 
Although the Cu RC of chitin A was not as high as that of Candida tropicalis (yeast) 
and DOWEX 50X8-200 (synthetic resin), chitin A possesses its own advantages over 
them. It is clearly that the costs for production of chitin A were comparatively lower 
than that of yeast and synthetic resin because chitin is a major constituent of shellfish 
wastes, therefore chitin A could be isolated from the spent shrimp shells. Unlike the 
complicated production processes for yeast and synthetic resin, chitin A could be easily 
generated by a simple production process as mentioned in Section 2.1.1. Besides, the 
disposal problem of shrimp shells could be largely reduced as the spent shrimp shells 
could be used for isolating a very useful substance, chitin. 
4.3.4 Presence of other cations 
The determination of the effects of individual and combination ofother cations 
on metal ion adsorption by chitin A are of great importance because in the real situation, 
more than one metal ion would be present in the industrial effluent. Usually monovalent 
alkali metal ions, such as Na+，K+, Li+，etc, are weak inhibitors while divalent and 
trivalent metal ions, such as Cu�+, Ni�+，Zn�+，Pb】+，Fe�+，Al�+，etc, are strong ompetitors 




Zn，are of special interest because they are likely to be present in industrial effluent 
originating from an electroplating factory. 
Results demonstrate that the Cu:+ RC of chitin A was unaffected by the 
presence of individual and combination of other cations, Ni�+ and Zn]+，at the 
concentration studied (Fig. 3-19). These results can be explained by the high affinity of 
2+ 
Cu for the binding sites on chitin A as indicated in Table 3-10. Hence, the competing 
cations，which had lower affinity than Cu】+，would not compete for the same binding 
sites with the target ion, Cu^+. 
Similar results are observed for Ni^ + adsorption by chitin A as the presence of 
other cations, Cu�+ and Zn?+，individually or in combination caused no inhibitory effect 
2+ 
on the Ni RC of chitin A (Fig. 3-20). However, a significant degree of RC of other 
cations was resulted (Table 3-13). The amount ofthe competing cation removed (qe) at 
specific equilibrium concentration (Ce) was found compatibly with that determined from 
equilibrium isotherm. It is attributed to the high affinity ofcompeting cations, Cu�+ and 
Zn2+, over the target ion, Ni】+，for the binding sites on chitin A (Table 3-10). Although 
the adsorption affinity of Ni�+ was comparatively lower than that of Cu�+ and Zn]+， 
remarkable amount ofNi�+ was adsorbed in addition to Cu]+ and Zn�+ (Table 3-13). It 
may be due to the sufficient availability ofbinding sites present on chitin A not only for 
limited amounts of Cu�+ and Zn�+ but also for parts of the target ion, Ni�+，as the total 
RC ofmetal ion increased with the amount and type ofmetal ions added (Table 3-13). It 
is expected that as the concentration of the competing ions increased, the Ni�+ RC of 
chitin A would be inhibited. 
On the other hand, the Zn�+ RC of chitin A was inhibited significantly by the 
presence of individual and combination of other cations, Cu�+ and Ni�+，at the 
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concentration studied (Fig. 3-21). The reduction ofZn�+ RC of chitin A was caused by 
the presence ofhigh affinity of competing cation, Cu:+，which would compete for the 
same binding sites with the target ion, Zn�+. Although the adsorption affinity for Ni�+ 
was not as strong as that for Zn�+ (Table 3-10)，a significant reduction of Zn�+ uptake 
and remarkable amount ofNi�+ adsorption were observed (Table 3-14). This observation 
might be due to the high concentration ofNi�+ that may increase the competitive ability 
ofNi2+ for the same binding sites with Zn^+. 
In general, the order of adsorption affinity of metal ions for chitin A in the 
multimetal system was Cu�+ > Zn�+ > Ni�+. However, this order would depend upon the 
types as well as the concentrations of metal ions present in the system (Tsezos et al., 
1996; Kratochvil and Volesky 1998a; Puranik and Paknikar, 1999). 
r«.'» 
4.3.5 Presence of anions 
The effects of individual and combination of anions, C1", Cr2O7^ " and SO4^ ", on 
the adsorption of Cu^+，NP and Zn:+ by chitin A were studied. All the anions studied 
were prepared from their potassium salt, as it is evident that K+，the alkali metal ion, did 
not compete with the target metal ions for the binding sites and hence the RC of target 
ion would not be affected (Tobin et al., 1984; Volesky, 1990). 
For Cu2+ adsorption (Fig. 3-22), the RC of chitin A was not influenced by the 
presence of C1" or ^Oy^" but enhanced in the presence of S04^". Even though the 
2 
presence of SO4 ‘ shown no significant enhancement in the adsorption of Ni�+ (Fig. 3-
2 _ | _ 
24) and Zn (Fig. 3-25), their RC of chitin A was apparently higher than that of the 
control systems (in the absence of S 0 / ). These results are in good agreement with those 
reported by Muzzarelli and Rocchetti (1974) and Mitani et al. (1991)，suggesting that, 
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the common ion, S04^', had the ability to enhance the RC ofchitosan for metal ions. 
This enhancement of metal ion RC of chitin A could be explained by the 
interaction between metal ions, anionic ligands and adsorbents. As reported by Tobin et 
al. (1987)，the anionic ligands may interact with the adsorbent so as to enhance the metal 
ion uptake potential. In addition, the metal-ligand complexes, that are more strongly 
adsorbing than the free metal ions, may form so that the presence of ligands results in 
enhanced metal ion adsorption. 
On the other hand, the Zn�+ RC of chitin A was obviously reduced in the 
2 
presence of Cr2O7 ‘ (Fig. 3-25) and further reduction was observed with increasing the 
concentration of CrsOy '^ (Fig. 3-26). This may be attributed to the fact that metal-ligand 
complexes, that are non-adsorbing or weakly adsorbing, are formed, resulting in a 
decrease in metal ion adsorption in the presence ofligands. Besides, ligands may interact 
with the adsorbent and hence reduce the RC ofmetal ions (Tobin et al,, 1987). 
Unlike the effects of Cx2O1^ ' caused on Zn�+ adsorption, the presence ofCr2O7^" 
alone would not influence the Cu�+ RC ofchitin A (Fig. 3-22). However, the presence of 
Cr2O7^ ", Cr and S0/" in combination would slightly reduce the Cu�+ RC of chitin A 
when compared with the presence of SO4^ " alone (Fig. 3-22). Results demonstrate that 
2 ,| 
the Cu RC of chitin A decreased slightly with increasing concentration of Cv2O1^ ' in 
the combination system, but not significant (Fig. 3-23). 
It is worth note that the actual concentrations of Cu�+ and Ni�+ measured by 
( � 
atomic absorption spectrophotometry (AAS) were influenced by the presence of SO4^ ". 
Since anion is the most common type of chemical interference, which may form 
compounds of low volatility with the metal ion and thus reduce the rate at which it is 
atomized (Skoog and Leary, 1992). Consequently, inaccurate results are obtained. In 
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order to get rid of such interference, an additional step or treatment needed to perform 
before measurement. 
Numerous treatments are available to eliminate the chemical interference on 
measurement ofNi�+ as suggested by Skoog and Leary (1992). The most simple and 
easier method is to employ an alternative spectral line (X341.5 instead of^232) because the 
absorption peak of SO4^ " interference may lie so close to that of analyte, resulting in 
poor resolution of the analyte peak. Besides, using higher flame temperature or fuel-rich 
flame may also counteract the effect. Unfortunately, the results shown that all ofthese 
methods did not eliminate the interference as similar results were obtained as those 
without any treatment (Table 4-1). 
,^ Another possible treatment, which involved the usage of a protective agent, 
was conducted. The protective agent, usually EDTA, would form a more stable but 
volatile species with the analyte than did the interference. As a result, these species 
might completely atomize. However, a negative result was obtained by using EDTA as 
protective agent (Table 4-1). EDTA not only did not eliminate the interference but also 
increased the degree of inhibitory effect. 
Finally, an effective treatment method was found as using cationic ion 
exchange resins to separate the analyte ion and the interference ion. The analyte ion, 
• 2+ 
Ni，present in the solution was adsorbed by a cationic ion exchange resins, while the 
interference anion, SO4^ ", was remained in solution (detail procedures listed in Section 
2.5E). Thus, the concentration of Ni�+ could be measured accurately in the absence of 
interference anion. This effective method was also workable to determine the 
concentration of Cu�+. 
In fact, apart from the treatment of cationic ion exchange resins, the 
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Table 4-1. Comparison ofvarious treatment methods for determination ofconcentration 
of Ni in the presence of S04^" interference. 
“ T r e a t m e n t [Nf]_sured/[NP]_ai (%)* 
‘ ~ N i ^ + SO42- ** 
None 42.8 士 0.5 
Change of spectral line 42.6 士 0.7 
Use ofhigher flame temperature 42.8 士 0.4 
Use of fuel-rich flame 42.6 ± 0.9 
Use ofEDTA 
OmM 55.4±3.2 
0.028 mM 5 1 0 ± 0 9 
0.28 mM 44.8 ± 2:6 
l i l ^ ^ 41.1士3.2 
‘ 2.82mM 30.3±1.0 
Use of cationic ion exchange resin 99.2士0.3 
*The concentration ofNi?+ was measured by AAS. 
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concentration of Ni:+ and Cu'^ could be measured accurately by ICP-AES even in the 
presence of interference. Therefore, all the samples containing such interference would 
be measured by ICP-AES in the following experiments. 
4.4 Optimization of Cu!+，Ni�+ and Zn�+ removal efficiencies 
The concentration of biosorbent is known to affect the amount of metal ion 
removed from solution. Increasing the amount of chitin A in solution was found to 
increase the metal ion RE but decrease the metal ion RC (Figs. 3-27，3-28 and 3-29). 
This phenomenon can be explained by the electrostatic interaction between biosorbents 
since it may become a significant factor in the biosorbent concentration dependence of 
‘ adsorption (Modak and Natarajan, 1995). Moreover, Pons and Fuste (1993) suggested 
that a high concentration ofbiosorbent could make a screen effect on the outer layer of 
biosorbents, therefore protected the binding sites from the metal ions. Furthermore, the 
limited availability of metal ions in solution and the reduced mixing at high 
concentration of biosorbent have also been suggested to explain this effect (Singleton 
and Simmons, 1996). 
As can be seen from results, the maximum RE of Cu�+ and Zn]+ could reach 
over 90%, while that of Ni�+ could only attain 50% even though large doses of 
biosorbent were used (Figs. 3-27，3-28 and 3-29). These results are in good agreement 
with the data reported by Chui et al. (1996). The Cu�+ RE ofcrude shrimp chitin, which 
were packed in small column, was over 95% from aqueous metal ion solutions ranging 
from 20 一 100 mg/L (Chui et al； 1996). However, the N P RE of crude shrimp chitin 
was significantly low as only 40 - 70% of Ni�+ could be removed from metal ion 
solution ranging from 20 - 100 mg/L (Chui et al., 1996). 
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4.5 Recovery of Cu】+，Ni�+ and Zn!+ from metal ion-laden chitin A 
4.5.1 Performances ofvarious eluents on metal ion recovery 
Six commonly used eluents were employed to investigate the metal ion 
recovery efficiency from metal ion-laden chitin A. Based on the statistical analysis, 0.1 
M of citric acid (pU 3.7)，EDTA (pH 3.7)，HC1 O^ H 1.0)，HNO3 (pH 1.0) and H2SO4 (pU 
1.0) have been proved to be the effective eluents for Cu�+，Ni�+ and Zn]+ desorptions 
(Figs. 3-30, 3-31 and 3-32). 
In the case of strong mineral acids, such as HC1, HNO3 and H2SO4, over 95% 
of Cu2+，Ni2+ and Zn�+ could be recovered as the high concentration of protons (H+) 
would compete with metal ions for the binding sites (Figs. 3-30，3-31 and 3-32). As a 
result, it makes the bond between metal ions and the functional groups labile and finally 
causes the metal ions to be dislodged from the binding sites (Philip et al., 1995; Kapoor 
et aL, 1999). Besides the mineral acids, the complexing agent EDTA can also effectively 
recover loaded metal ions because it forms strong complexes with Cu�+, Ni�+ and Zn�+ 
than the functional groups did (Zhang et al., 1998). 
It is well documented that both metal ion removal and recovery mechanisms 
are pH dependent. More metal ion would be recovered at lower pH values rather than at 
higher pH values. Thus, it is suggested that little and no metal ion desorption caused by 
0.1 M thiourea with pH 3.7 and 0.1 M HC1 with pH 3.7, respectively, mainly attributed 
to the high desorption pH value (Table 3-15). 
Consequently, 0.1 M of EDTA with pH 3.7 was chosen as a metal desorbing 
eluent for the following adsorption and desorption cycle experiments even though citric 
acid, HC1, HNO3 and H2SO4 are also known to be good eluents. It is because strong 
mineral acids with pH 1 may cause damage to the binding surfaces and structures of 
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chitin A and hence reduce its metal ion RC in the subsequent cycles (Tsezos, 1983). In 
addition，biosorbent could easily be regenerated for the subsequent adsorption cycle by 
washing with ultrapure water if an eluent with higher pH values was used. 
4.5.2 Multiple adsorption and desorption cycles of metal ions 
The results of metal ion desorption experiments confirmed that loaded metal 
ions could be effectively recovered from chitin A by several eluents. However, apart 
from the high metal ion recovery efficiency, the repeated reusability of a biosorbent for 
metal ion adsorption is also important. Thus, multiple adsorption and desorption cycles 
are studied. 
Results shown in Figs. 3-33，3-34 and 3-35 indicate that the metal ion RC of •t^  
chitin A was dramatically decreased in the second and third adsorption and desorption 
cycles even though a rather mild eluent EDTA was used to regenerate the metal ion-
laden biosorbent. This pronounced reduction might be attributed to the deterioration of 
binding surfaces and structures of chitin A. The invisible destruction of the biosorbent 
seems to be caused by regeneration of biosorbent under an acidic medium. As some 
previously studies stated that depolymerization of chitin occurred under an acidic 
condition and this depolymerization process is accomplished by cleavages of glycosidic 
linkage (Muzzarelli, 1977; Shimahara et al., 1984; Coughlin et al., 1990). As a result, a 
reduction of metal ion RC of chitin A was resulted. 
In order to enhance the reusability of chitin A, its metal ion RC was optimized 
by adjusting the initial pH of biosorbent solution before performing another adsorption 
cycle. However, only a slight increase of metal ion RC was obtained with increasing in 
pH ofbiosorbent solution (Figs. 3-33，3-34 and 3-35). Thus, the reusability of chitin A 
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for metal ion adsorption was low and hence the multiple adsorption and desorption 
cycles ofmetal ions by chitin A are not recommended. 
Although the reusability of chitin A was lower when compared with other 
biosorbents, such as magnetite-immobilized Enterobacter sp. (Fung, 1994)，magnetite-
immobilized Pseudomonasputida 5-X (Sze, 1996) and Aspergillus niger (Kapoor et al, 
1999)，its high metal ion RC as well as low production costs still make chitin A useful 
for metal ion removal. Therefore, chitin A was selected for treatment of electroplating 
effluent. 
4.6 Treatment of electroplating effluent by chitin A 
I, 4.6.1 Removal and recovery of Cu!+，Ni�+ and Zn�+ from electroplating effluent 
collected from rinsing baths 
In order to evaluate the practicability of chitin A for metal ion removal from 
industrial effluent, its metal ion RC was compared between the artificial effluent and the 
electroplating effluent. Referring to the tables for characteristics of electroplating 
effluent (Tables 3-16’ 3-17 and 3-18), the concentration of target metal ion, particularly 
2+ 
for Cu，was higher than that in the plating wastewaters discharged from sixteen local 
electroplating factories (Table 1-1) (Environmental Management Division, 1986). It is 
attributed to the fact that the electroplating effluent used in the present study were 
collected from the first rinsing baths of Cu】+，Ni�+ or Zn�+. These baths were used 
/ ‘ 
several times for rinsing plating workpieces, thus metal ions would accumulate and 
resulted in such high concentrations. Based on the information given by electroplating 
factories, since the Cu�+ electroplating bath was prepared by CuSO4 salt with strong 
H2SO4, the pH of the Cu^ + rinsing effluent was in tum highly acidic. Therefore, the 
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electroplating effluent was first diluted to 500 mg/L and then adjusted to initial pH 5 so 
as to compare the metal ion RCs between the artificial effluent and the electroplating 
effluent under the optimum conditions (detail procedures listed in Section 2.8). It is 
worth note that in industrial practice, adjusting the pH ofan effluent to around 6 would 
not add significant treatment cost because the pH of effluent should be adjusted to 6-10 
before being discharged into the environment (Industry Department, 1997). 
Results shown in Figs. 3-36，3-37 and 3-38 indicate no significant difference in 
RCs of chitin A between the artificial effluent and the electroplating effluent for Cu�+， 
Ni2+and Zn�+ adsorption and desorption experiments, respectively. These results proved 
that chitin A was a promising biosorbent for metal ion removal As expected 
electroplating effluent was heterogeneous in nature and many pollutants, such as anionic 
缺 
ligands, polishing agents and brighteners, might present in addition to metal ions in 
effluent. These pollutants may exhibit inhibitory effects on metal ion RC of chitin A by 
formation of complexes with metal ions andA)r altering the structure of chitin A for 
metal binding (Beveridge and Murray, 1980; Periasamy and Namasivayam, 1996). 
However, such inhibitory effects were not observed in the present study. Thus, it is 
convinced that chitin A was a promising biosorbent and highly suitable for treatment of 
electroplating effluent. 
Apart from the high metal ion RC of chitin A, the ReC of chitin A was also 
very high as close to 100% of loaded metal ion could be recovered from the metal ion-
“ 
laden chitin A by dilute mineral acid. These observations suggest that chitin A was 
highly effective for the removal and recovery of metal ions from electroplating effluent. 
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4.6.2 Removal and recovery of Cu!+，Ni�+ and Zn!+ from electroplating effluent 
collected from final collecting tank 
Apart from the treatment of rinsing effluent, the treatment of electroplating 
effluent collected from final collecting tank was also studied. The major difference 
between the rinsing effluent and the final electroplating effluent lied in the nature and 
concentration ofmetal ions because the final collecting tank collected various sources of 
wastewater generated in the factory. 
Results shown in Fig. 3-39 indicate no significant difference in RCs of N P 
2+ 
and Zn of chitin A between the artificial effluent and the electroplating effluent. 
However, significant difference in RCs of Cu�+ of chitin A between two effluent was 
… observed. This may be due to the heterogeneous nature ofthe electroplating effluent that 
might inhibit the adsorption ability of chitin A towards Cu]+ by formation of Cu�+-
complexes with pollutants (Beveridge and Murray, 1980; Periasamy and Namasivayam, 
1996). Nevertheless, the difference in RCs of Cu�+ of chitin A between the artificial 
effluent and the rinsing effluent was not significant (Fig. 3-36). 
When comparing the RC for three metal ions, the order of metal ion RC for 
chitin A in both artificial effluent and electroplating effluent was Cu�+ > Ni�+ > Zn�+ 
(Fig. 3-39). This order was different from that determined in the equilibrium isotherm 
studies as the order of metal ion affinity for chitin A was Cu�+ > Zn�+ > Ni?+ (Table 3-
10). These results could be explained by the properties of the electroplating effluent, as it 
contained high levels of Cu�+ and Ni�+ but low level ofZn�+. Therefore, more amounts 
of Cu2+ and Ni�+ could be removed and hence resulted in high levels of RCs of Cu]+ and 
Ni2+. Due to the high adsorption affinity of Cu�+ toward chitin A, even in the presence of 
high concentration o f N P , the RC of Cu]+ of chitin A remained the highest. Thus, it is 
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concluded that the feasibility and efficiency of an adsorption process depends not only 
on the properties of the biosorbent, but also on the composition of the electroplating 
effluent. 




In accordance with the results obtained in the present study, chitin A is a highly 
pffective adsorbent for the removal and recovery of metal ions from electroplating 
effluent. The results showed no significant difference in the RCs ofCu�+, Ni�+ and Zn�+ 
between the artificial effluent and the electroplating effluent. In addition, close to 100% 
of loaded metal ions could be recovered from the metal ion-laden biosorbent by dilute 
mineral acid in both cases. 
From the industrial point of view, the rapid adsorption kinetic rate as well as 
the wide workable pH range of chitin A provided particular advantages for the metal ion 
adsorption process because effluent containing metal ions could be treated efficiently 
and economically in a smaller reactor for a short period. Moreover, the equilibrium 
studies demonstrated that chitin A was highly suitable for treating industrial effluent 
containing low concentrations of metal ions range from 1 to 100 mg/L. Even in the 
presence ofhigh amounts of organic additives and other alkali metal ions, such as Na+ 
and K+，in addition to the plating metal ions in the electroplating effluent, the adsorption 
ability ofchitin A was not altered as it exhibited an exceptionally high selectivity for the 
transition metal ions, particularly for Cu�+ and Zn�+. Furthermore, the presence of 
common anion, S0/", enhanced the metal ion RC ofchitin A. 
Apart from the high efficiency of chitin A for removal and recovery of toxic 
metal ions, the economic feasibility of adsorption process is also of great importance. 
Chitin A, which is the naturally abundant biopolymer, fulfilled the economical criteria 
for the adsorption technology as it was converted directly from spent shrimp shell wastes 
collected from the seafood industry. 
In conclusion, removal and recovery of metal ions from electroplating effluent 
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6. Further studies 
6. Further studies 
Based on the results obtained in the present study, chitin A was proven as an 
?ffective metal ion biosorbent no matter in treatments of artificial effluent or 
electroplating effluent. In order to increase the industrial applicability of chitin A to 
remove and recover metal ions from electroplating effluent, the following forther 
investigations are suggested to be carried out. 
In real situation, a variety of organic ligands would be present in addition to the 
metal ions in the electroplating effluent (Beveridge and Murray, 1980; Periasamy and 
Namasivayam, 1996). These ligands include polishing agent, brightener, leveller, surface 
active agent, which are used for increasing the plating quality of the workpieces, as well 
缺 as surfactants, which are used for degreasing ofthe workpieces before plating. Thus, the 
effects of organic ligands on metal ion adsorption by chitin A can be further elucidated. 
Moreover, the effects of temperature on metal ion adsorption by chitin A are 
also worthy of further investigation. As Muzzarelli (1977) reported that temperature 
plays an important role in metal ion uptake by chitin and more metal ions would be 
adsorbed at low temperature rather than at high temperature. Therefore, it is worth to 
determine the workable temperature range for metal ion adsorption by chitin A, even 
though some previous studies demonstrated that temperature would not cause significant 
effects on the metal ion uptake by non-living biomass as it can only affect the 
, metabolism ofgrowing cells but not the dead cells (Gadd and Rome, 1987; Modak and 
Natarajan, 1995; Simmons and Singleton, 1996). 
In addition, the continuous-flow stirred-tank reactor (CSTR) and packed-bed 
column can also be developed for removal and recovery of metal ions from effluent 
since these systems may be more efficient and usefiil for treatment of huge amount of 
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electroplating effluent particularly in the small and medium sizes of electroplating 







7.1 The chitin contents of chitin A and chitin B were 60 and 93%, respectively. 
7.2 The protein content of chitin A was 4.9%, while that of chitin B and chitosan 
was 0.5 and 0.2%, respectively. 
7.3 Results of metal analysis demonstrated that generally, chitin A contained the 
highest amount of metal ions followed by chitin B and chitosan. 
7.4 The degree of 7V-deacetylation of both chitin A and chitin B determined by 
diffiise reflectance Fourier transform infra-red spectroscopy was 0%, whereas 
that ofchitosan determined by elemental analysis was 91%. 
«> 
7.5 No significant difference in the Cu]+ RCs between the washed and unwashed 
chitin B and chitosan was obtained. The Cu�+ RC ofwashed chitin A was 32% 
greater than that of unwashed one. 
7.6 No significant difference in the Cu]+ RCs between the pre-swelled and 
untreated chitin A and chitosan was resulted. The Cu�+ RC of pre-swelled 
chitin B was 42% greater than that ofuntreated one. 
7.7 The descending order of RC for both Cu�+ and Ni�+ adsorption was chitin A > 
chitosan > chitin B, while that for Zn�+ adsorption was chitin A > chitin B > 
chitosan. 
7.8 The Cu2+ RC of chitin increased with increasing the degree of A^-deacetylation 
ofchitins from 0 to 50%. There is no statistically difference between the Cu:+ 
RCs of chitins with degree of iV-deacetylation over 50%. 




7.10 The metal ion adsorption ability of chitin A was strongly affected by the 
solution pH and the concentration of biosorbent. In general, the RCs of Cu】+， 
2+ 21 
Ni and Zn increased with increasing solution pH (from 5 to 8) and 
decreasing concentration ofbiosorbent. 
7.11 The adsorption kinetic was found to be rapid with 80, 20 and 65% ofthe total 
uptake for Cu】+，NP and Zn�+, respectively, occurred after the first minute of 
interaction. The equilibrium could be attained within 2 hours. 
7.12 The common optimum conditions for Cu]+, Ni�+ and Zn�+ adsorption by chitin 
A are: Initial pH of biosorbent solution = 8，concentration of biosorbent = 25 
mg/55 mL and retention time = 30 minutes. 
« _ O j - 0 I A , 
7.13 The adsorption of Cu，Ni and Zn by chitin A was demonstrated to be a 
‘ monolayer adsorption process and could be described by the Langmuir and 
Freundlich adsorption isotherms. The order of metal ion adsorption capacity 
(qmax and k) and affinity (b and n) for chitin A was Cu�+ > Zn�+ > Ni?+. 
7.14 The presence of other cations individually and in combination showed no 
inhibitory effect on both Cu�+ and Ni�+ RCs ofchitin A. Whereas the Zn�+ RC 
of chitin A was reduced by 11% in the presence of other cations, Cu�+ and/or 
N P . 
^ 1 A 
7.15 The Cu RC of chitin A was not affected by the presence of C1' or Cr2O7 
individually. Whereas, the presence of S0/" individually or C1", Cr2O7^ " and 
SO4 '^ in combination enhanced the Cu�+ RC of chitin A by 17 and 11%, 
respectively. The Ni】+ RC of chitin A was not influenced by all the anions 
tested. The Zn�+ RC of chitin A was not affected by the presence of C1' or S0/" 
individually, but reduced by 10% in the presence of Cr2O72_ alone or C1', 
Cr2O7 '^ and S0/" in combination. 
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7.16 The metal ion RE of chitin A increased with increasing the concentration of 
biosorbent used. The maximum RE of Cu�+ and Zn�+ was 91% while that of 
Ni2+ was 50%. 
7.17 For Cu2+ desorption, over 95% of Cu:+ could be recovered by 0.1 M of citric 
acid (pH 1.0)，EDTA (pH 3.7)，HC1 (pH 1.0), HNO3 ^)H 1.0), H2SO4 (pU 1.0) 
or thiourea (pH 1.0). For Ni�+ desorption, above 90% o f N P could be desorbed 
by 0.1 M of citric acid (pH 1.0 and 3.7), EDTA (pH 3.7), HC1 (pU 1.0)，HNO3 
(pH 1.0) or H2SO4 (pU 1.0). For Zn?+ desorption, over 95% of Zn^^ could be 
recovered by 0.1 M of citric acid (pH 1.0 and 3.7)，EDTA (pH 3.7), HC1 (pH 
1.0)，HNO3 (pH 1.0)，H2SO4 (pU 1.0) or thiourea (pH 1.0). 
7.18 Significant reductions in Cu�+，Ni�+ and Zn�+ RCs of chitin A were resulted 
after the first adsorption and desorption cycles in the multiple adsorption and 
, desorption experiments. 
7.19 No significant difference in the RCs of Cu^ ,^ Ni�+ and Zn^^ between the 
artificial effluent and the electroplating rinsing effluent collected from Cu]+， 
Ni2+ and Zn�+ rinsing baths, respectively, was obtained. Close to 100% of Cu】+， 
940/0 of Ni2+ and 98% of Zn�+ could be recovered from cV+.laden chitin A, 
Ni2+-laden chitin A and Zn^^-laden chitin A, respectively, in the artificial 
effluent. Whereas, only 86% of Cu�+，100% ofNi�+ and 98% ofZn�+ could be 
0 • ^ I ’ j 
recovered from Cu -laden chitin A, Ni -laden chitin A and Zn -laden chitin 
A, respectively, in the electroplating rinsing effluent. 
7.20 No obvious difference in the RCs ofNi�+ and Zn�+, but significant difference in 
K that of Cu2+ between the artificial effluent and the final electroplating effluent 
/•>, 
collected from final collecting tank was resulted. Moreover, 98% of Cu，97% 
ofNi2+ and 100% of Zn�+ could be recovered from metal ion-laden chitin A in 
the artificial effluent, whereas 96% of Cu^^ 90% of Ni?+ and 100% of Zn�+ 
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